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OF GRAPHENE AND GRAPHITE  
Zhiting Li, PhD 
University of Pittsburgh, 2015 
 
This dissertation is focused on understanding and controlling of surface properties of graphene and 
graphite. Four specific topics are presented: 1) study the intrinsic wettability of graphene; 2) 
minimize the airborne hydrocarbon contamination on graphitic surface during storage; 3) 
investigate the anti-corrosion performance of graphene during a long-term ambient oxidation 
process at room temperature; 4) study the catalytic effect of copper substrate during the 
atmospheric oxidation of graphene at high temperature. All the results have important implications 
for the characterization, processing, and storage of graphene (graphite) samples and related devices. 
          Specifically, chapter 2 reports the intrinsic wettability of graphene and the effect of airborne 
hydrocarbon contamination during its storage. This work overturned the long-held view that 
graphitic surfaces (including graphene and graphite) are hydrophobic. In chapter 3, efforts have 
been made to minimize the airborne hydrocarbon adsorption during the storage of graphitic 
surfaces, this work aimed at maintaining the intrinsic property of graphene and graphite surfaces 
over a long period of air exposure. Chapter 4 and 5 aimed to elucidate the mutual interactions 
between graphene and copper substrate during ambient air exposure as well as atmospheric 
oxidation at high temperature. This work is closely related to the potential application of graphene 
as an anti-corrosion film for metallic substrates.   
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1.0       INTRODUCTION 
 
1.1      OVERVIEW 
 
The growing interest in graphitic materials has been greatly fueled by the rapid development within 
graphene community, which has seen a phenomenal increase in both published research articles 
and filed patents since 2004. As a single atomic layer of carbon, graphene shows many exciting 
properties including efficient thermal and electrical conductivity, transparency and high flexibility. 
With a huge array of potential applications, graphene attracts continuous interests from both 
academic and industry. For example, the number of research articles published on graphene has 
increased from less than 100 to over 9000 in the decade between 2004 and 2013.  
 
          In spite of the great progress on graphene in the past 10 years, a systematic study on its 
intrinsic surface properties is still urgently needed nowadays. It is known that most chemical and 
physical processes occur at the surface of a material, such as gas-solid interaction, adsorption, 
corrosion and chemical reaction, etc. Due to the atomic layer structure, all carbon atoms on 
graphene contribute to its intrinsic surface properties. Therefore, the environmental exposure and 
underlying substrate may strongly affect its surface properties during the manufacturing, 
characterization, processing, and storage of graphene-based devices. In this regard, understanding 
and controlling the intrinsic properties of graphene is critically important for their fundamental 
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study and practical application in general. 
 
1.1.1   What is graphene 
 
Graphene is a two-dimensional monolayer form of sp2-hybridized carbon.1 The extended 
honeycomb network has a carbon-carbon bond length of 0.142 nm and lattice constant of 0.246 
nm (a) (shown in Figure 1-1). These values are the same for graphite. For a multi-layer graphene, 
the interlayer distance is found to be 0.35 nm (c) based on Raman spectroscopy and atomic force 
microscopy (AFM).2-3 The exceptional electronic and mechanical properties of graphene make it 
a rising star in the study of fundamental physics, materials science as well as device manufacture. 
For example, the electrons in graphene behave as massless particles which result in remarkably 
high electron mobility.4 The resistivity of graphene could be as low as 10-6 Ω·cm at room 
temperature, even less than that of silver.
5
 The thermal conductivity of graphene was measured to 
between (4.84 ± 0.44) x 103 to (5.30 ± 0.48) x 103 Wm-1K-1 near room temperature, which is 
higher than that of carbon nanotubes and diamond.6 Graphene also demonstrates very good 
mechanical properties. With a tensile modulus of 1 TPa, graphene has a breaking strength 200 
times greater than that of steel.7 All these intrinsic properties could lead graphene to some potential 
applications such as pressure sensor and resonator.8-12  
3 
 
 
 
 
Figure 1-1 Structural images of (a) single-layer graphene and (b) bilayer graphene. 
 
 
1.1.2   Synthesis of graphene 
 
The first experimental preparation of graphene was through the micromechanical cleavage of 
graphite.2 This method produces the highest quality graphene in terms of structural integrity. 
However, the size of graphene obtained with this method is limited to a few tens of micrometers, 
neither the location nor the thickness of the flakes is controllable or scalable. To overcome these 
disadvantages, several other synthesis methods have been developed including reduction of 
graphite oxide (GO),13 epitaxial growth on single crystalline SiC substrate14 and chemical vapor 
deposition (CVD) on metal catalyst substrates.15-16 
          One approach is to produce high density exfoliate graphene is by chemical reduction of 
exfoliated graphite oxide (GO) layers.17-19 This exfoliation process requires extensive modification 
4 
 
of the graphite followed by a separation of multi-layer graphite oxide sheet into a colloidal 
suspension to complete the exfoliation. 
     Another synthesis method is the graphitization of single crystal SiC developed by De Heer 
and coworkers.14, 20 When a SiC wafer is heated to 1000oC in ultrahigh vacuum, Si will undergo 
sublimation which leaves behind small islands of graphene in high quality. The graphene sample 
prepared using this technique demonstrates excellent electrical property (up to 100GHz switching 
speed21). Although the price of the SiC wafer is high, this technique is still attractive to radio and 
THz frequency electronics industry where the excellent performance of the devices makes the cost 
less a concern. 
     Chemical vapor deposition (CVD) of graphene on transition metal films provides another 
approach to prepare high quality monolayer and multilayer graphene. The formation of few layered 
graphene grown on transition metal have been discovered 50 years ago.22 In 2009, Ruoff and 
coworkers15 pioneered an copper-based CVD synthesis which has allowed access to high quality 
large area single layered graphene on a copper foil. The growing process is relatively 
straightforward23 and is illustrated in Figure 1.2. First, a copper foil is annealed in a hydrogen 
atmosphere to remove the native copper oxide on the surface. In the second stage, graphene islands 
start to nucleate on the pre-treated copper foil under a CH4/H2 flow. Dubon’s group reported that 
the graphene islands nucleate heterogeneously with a four-lobed shape, each lobe is an individual 
graphene crystal differently oriented on the Cu grain.24 The growing direction of the graphene lobe 
is most-often aligned along Cu <001> direction but significant variations still exist. As the growth 
time increases, the graphene domains increase in size and eventually coalesce into a continuous 
graphene film as shown in the third stage. 
      Compared to many other synthetic methods, copper foil based CVD method can produce 
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a uniform single layered graphene over a large area. It has been reported that the size of graphene 
prepared by this technique can be as large as 30-inches and the single layer graphene coverage is 
over 95% while the remaining graphene is 2-3 layers thick.15 These features as well as the low 
price of copper foil, make the CVD process the most inexpensive, promising and readily accessible 
approach for high quality graphene. Moreover, such graphene can be transferred to any desired 
substrate since copper can be easily etched with chemicals.25 The single-layer graphene used in 
our studies is synthesized using this method. 
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Figure 1-2 Three main stages of graphene growth on copper by CVD. Reprinted with permission from 
reference 24. Copyright 2015 © Royal Society of Chemistry. 
 
 
1.2      CHARACTERIZATION OF GRAPHENE 
 
In my experiments, some microscopic and spectroscopic techniques are frequently used to 
characterize freshly prepared graphene samples. These techniques include optical microscopy, 
Raman spectroscopy, ellipsometry, water contact angle (WCA), and X-ray photoelectron 
spectroscopy (XPS). Here, we briefly discuss their operation principles and data interpretations 
related to graphene characterizations. 
 
1.2.1   Optical microscopy 
 
The copper/graphene used in my study was grown by low-pressure CVD on a copper foil substrate 
at 1000°C using methane as the carbon source.26 To minimize contamination of graphene surface, 
we used high purity gases in the synthesis and the CVD setup was constructed with only metal and 
quartz components. Fluoropolymer endcaps were also applied outside the tube furnace (see 2.3.1 
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for experimental details). The CVD synthesis produced a graphene film covering the entire surface 
of the copper substrate. For characterization purpose, a graphene film was transferred to a silicon 
wafer using poly-methyl methacrylate (PMMA) as the transferring agent. Figure 1.3 (a) shows an 
optical image of graphene transferred on silicon substrate. We surveyed an area of 1 cm × 2 cm 
(Figure 1.3 (b)) and determined that the overall surface coverage of single layer graphene on silicon 
wafer was > 99.9%, which set the minimum surface coverage of single layer graphene on the 
copper substrate before the transfer. Among the < 0.1% of area not covered by single layer 
graphene were 75 pin holes (average area: ca. 100 µm2) and 100 bilayer graphene patches (average 
area: ca. 25 µm2).  
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Figure 1-3 (a) Photograph of graphene films on both Cu foil and SiO2/Si substrate; (b) optical micrograph 
of graphene film transferred onto a SiO2/Si substrate. The arrow indicates a pin hole. The inset in (b) shows 
a lower magnification image of the same sample with the white rectangle indicating the location of (b). The 
overall surface coverage of single-layer graphene is > 99.9%. The image contrast and color was adjusted to 
enhance the visibility of graphene and pin holes. Reprinted with permission from reference 54. Copyright 
2013 © Nature Publishing Group.  
 
 
1.2.2   Raman Spectroscopy 
 
Raman spectrometry is a light-scattering process in which a laser beam interacts with the target 
species to result in both elastic and inelastic photon scattering. The scattered light from the sample 
is detected and analyzed for frequency shifts. Most photons are elastically scattered by the sample 
at the same frequency as that of incident laser source, such process is known as Rayleigh scattering. 
On the other hand, a small proportion of the incident laser photons are scattered at a frequency that 
is shifted from the original energy level. For example, Stokes-Raman transition happens if electron 
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initiates from the ground state and eventually relaxes to the first excited vibrational level, releasing 
photons with lower energy (longer wavelength). In comparison, for those molecules that are 
initially in an excited vibrational state, the Raman process initiates from their excited vibrational 
level, relaxes to the ground state and produces photons with energy higher than those elastically 
scattered (Figure 1.4 (a)). This type of scattering is called anti-Stokes Raman scattering. 
          The vibrational states probed by Raman spectroscopy are similar to those involved in 
infrared spectroscopy. Therefore, these two vibrational spectroscopy techniques are always used 
as complementary techniques.27-28 For example, those vibrations involving strong dipole moments 
are usually strong in an infrared spectrum but weak in a Raman spectrum. However, vibrations 
induced by non-polar functional group could show very strong Raman bands but weak infrared 
activity. 
           There are three characteristic peaks in Raman spectra of monolayer graphene (Figure 1.4 
(b)): the D band (~1350 cm-1), G band (~1580 cm-1) and 2D band (~2700 cm-1).29 The G band is 
the only band coming from a first order Raman scattering process in graphene.30 As shown in 
Figure 1.4(c), after absorbing a photon from the laser radiation, the electron on graphene surface 
undergoes an inelastic scattering and releases a G band phonon. Then such electron will shift back 
to the ground state and emit a photon which can be detected as G band. On the other hand, the D 
band and 2D band originate from a second order process, involving one iTO (in-plane transverse 
optical) phonon (one of the six phonon dispersion modes of graphene, corresponding to different 
vibrations of the sublattice A and B31) and one defect for the D band or two iTO phonons in the 
case of 2D band. The 2D band is approximately twice the D band frequency and does not require 
any kind of defect for its activation. In addition, the D band production involves two scattering 
processes: one elastic scattering induced by intrinsic crystalline defects and one inelastic scattering 
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through emitting a phonon, as shown in Figure 1.4(c). Unlike D band which needs intrinsic defect 
for its activation, 2D band consists of two inelastic scattering processes and results in two phonons 
formation. 
           Although the G band frequency is sensitive to many external factors, such as doping level32 
or strain33, its integrated intensity IG is more resistant to these environmental factors and often 
remains constant under the same laser excitation frequency.34-35 Due to this robustness, IG is often 
used as a reference to which intensities of other peaks (like D band) are compared. For example, 
we use the ID/IG ratio to evaluate the defect density on graphene surface during the thermal 
oxidation process. 
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Figure 1-4 (a) Mechanism of Raman scattering; (b) Micro-Raman spectrum of graphene film on SiO2/Si 
substrate; (c) Raman scattering processes for different bands. (Left) First-order G band process and (Center) 
one-phonon second order resonance process for D band and (Right) two-phonon second order resonance 
for 2D band.      
 
 
 
 
1.2.3   Spectroscopic ellipsometry 
 
 
Spectroscopic ellipsometry is a well-established optical technique for the determination of optical 
constants and thickness of surface adsorbed thin films. It is based on the polarization state change 
of light upon reflection from a sample surface. Due to its surface sensitive and non-destructive 
properties, this technique has been widely used in many application fields such as semiconductor, 
photovoltaics, optoelectronics, biotechnology and surface coatings, etc.36  
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          In this technique, two parameters,  and , are measured which reflect the polarization state 
change of light upon reflection from a sample. Specifically,  refers to the phase difference 
between parallel (p) and perpendicular (s) polarized light, and  to the amplitude ratio of p- and 
s-polarized components. The schematic image of the working mechanism of ellipsometry is shown 
in Figure 1.5(a-b). For a classic substrate/film/ambient three-phase system, both  and  values 
are directly detected by ellipsometer and can be affected by the instrumental set-up, ambient phase, 
substrate/film property and film thickness as follows37: 
 = f (,namb,,dfilm,nfilm,kfilm,nsub,ksub)   (1) 
 = g (,namb,,dfilm,nfilm,kfilm,nsub,ksub)   (2) 
Where (i)  and  are the incidence angle and wavelength of the probing radiation; (ii) namb is the 
refractive index of ambient atmosphere; (iii) nsub and ksub are the refractive and extinction index of 
the substrate, and (iv) nfilm and kfilm are that of adsorbate film and dfilm is the adsorbate film 
thickness. Among these parameters, , , and namb are usually known, the substrate constant nsub 
and ksub can be obtained via blank substrate measurement. The kfilm is usually considered as 0 for 
a transparent film. Therefore, the two remaining unknown parameters (dfilm and nfilm) can be 
determined using equation system (1 - 2) and measured  and  values. According to previous 
studies, ellipsometry demonstrates high sensitivity to temporal surface changes even in the 
ultrathin film regime (dfilm < 10 nm) with a high precision (standard deviation (s.d.) < ± 0.1 nm).38  
        In our experiment, ellipsometry is applied to detect the surface adsorption of airborne 
hydrocarbons, which is usually in the range of 0.1 – 5 nm in thickness. Figure 1.5(c) shows the 
evolution of both airborne hydrocarbon (blue) and 1-octadecene (red) adsorption on freshly 
cleaved highly oriented pyrolytic graphite (HOPG) surface. This technique enables a non-
destructive, efficient and highly sensitive detecting over a long term scale.38 
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Figure 1-5 (a-b) Schematic of ellipsometer configuration with a polarizer to define the incoming 
polarization and a rotating analyzer after light reflection. Reprinted with permission from reference 36. 
Copyright 2007 © WILEY-VCH. (c) Spectroscopic-ellipsometry of hydrocarbon deposition on HOPG 
surface during exposure to ambient air (blue) and 1-octadecene (red), respectively. Reprinted with 
permission from reference 38. Copyright 2014 © American Chemical Society. 
 
 
 
 
 
14 
 
1.2.4   Water contact angle 
 
To study the surface wettability of graphitic surface, water contact angle measurement is applied 
to describe a surface as hydrophilic or hydrophobic (Figure 1.6(a)). Generally speaking, when a 
liquid droplet is placed onto a solid surface, its behavior depends on the adhesive forces between 
the liquid and the surface. For a hydrophilic surface, the adhesive forces are attractive so that the 
liquid drop is pulled toward the surface and spreads out to increase the contact, resulting in a small 
water contact angle (< 90o). In contrast, a hydrophobic surface usually shows repellent forces 
towards the water drop, which beads up (> 90o) in order to minimize its contact with the solid 
surface.  
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Figure 1-6 (a) Schematic of water contact angle test and its correlation with surface hydrophilicity and 
hydrophobicity. Reprinted with permission from reference 49. Copyright 1997 © Global Specialty Lens 
Symposium; (b) Schematic depicting the interface of a liquid droplet on a solid surface. Reprinted with 
permission from reference 158. Copyright 2014 © American Chemical Society; (c) Water contact angle 
measured on a copper/graphene surface that has been stored in air for 2 days.  
 
 
       The Young’s equation is usually used to determine the static equilibrium of a liquid-vapor 
interface. As shown in Figure 1.6(b), the equilibrium contact angle  is given by (3): 
SG - SL - LG *cos = 0  (3) 
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Where SG is the solid-vapor interface energy, SL is the solid-liquid interface energy, LG is the 
liquid-vapor interface energy.  
In the modified Young-Dupré equation, the contact angle can be directly related to the surface 
tension of liquid drop as follows: 
*(1+ cos) = WSLV  (4) 
Where  is the surface tension of the liquid drop and WSLV is the solid-liquid adhesion energy per 
unit area in the medium V. 
 
Wettability of graphitic surface Figure 1.6(c) shows the water contact angle on a 
copper/graphene surface which was stored in ambient air for 2 days. The angle was measured to 
be 91o and is generally regarded as hydrophobic. In fact, since experiments by Fowkes and Harkins 
in 1940,39 extensive studies have concluded that graphitic surfaces are hydrophobic with WCA 
within the 75 - 95 range.39-51 Early experiments were conducted on natural graphite and later 
experiments utilized HOPG.  Fowkes and Harkins tested Ceylon graphite and reported WCA of 
85.3 – 85.9 using the tilting plate method.39 Morcos reported WCA of 84.2 on exfoliated 
graphite determined by the indirect meniscus height method where the sample was partially 
immersed in water.44 Morcos also reported WCA of 83.9 on highly oriented graphite by advancing 
meniscus method.45 More recently, WCAs determined by static sessile drop were reported as 91,48 
79,50 and 7551 on exfoliated HOPG, 98.3 on graphite,43 and 91.0 on HOPG aged in air for 
days.46 Adamson and Gast reported advancing WCA of 86 on graphite.49  Raj et al. recently 
reported advancing WCA on HOPG to be ca. 91.47 Hydrophobicity has also been observed on 
other graphitic materials. Aligned carbon nanotubes have shown superhydrophobic behavior 
where WCAs of 163.4 and 158.5 were observed.52-53  Additionally, as-grown carbon nanotube 
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forests exhibit WCA of 161.41 Raj et al. reported advancing WCA of monolayer graphene on SiO2 
substrate of ca. 90, similar to that of graphite.47 
        Despite the dominant view that graphite (graphene) is hydrophobic, a few studies have 
reported evidence of a much more hydrophilic surface with WCA of 35 - 65.54-59 In 1975, 
Schrader reported that WCA of exfoliated graphite was 35  4 under an ultrahigh vacuum (UHV) 
environment and ion bombardment of the surface decreased the WCA to 0.55 Subsequent 
experiments indicated that ion bombardment damaged the graphite surface; however, the 35 
WCA was determined on a surface exposed only to bakeout temperature up to 750C under UHV 
and the surface was verified by low energy electron diffraction to be clean and not damaged.55-56 
Schrader60 proposed that the “hydrophobicity” reported is due to the airborne hydrocarbon 
contamination. Additionally, Tadros et al. used the captive bubble method and reported advancing 
WCA of 63 - 65 on pyrolytic high-density isotropic carbon.57 Luna et al. also found WCA of ca. 
30 on graphite utilizing scanning force microscopy techniques.59 Heath and coworkers discovered 
that water on HOPG adsorbs as nanodroplets with WCA of less than 10 under microscopic 
conditions.58    
         The idea that graphite is (mildly) hydrophilic has not been generally accepted by the 
scientific community; one of the reasons is likely due to the issues of earlier experimental 
procedures.17 For example, a report has directly challenged the validity of Schrader’s results 61 
since Schrader determined WCA in an UHV environment,55 which is known to result in lower 
WCA due to water evaporation.62-63 
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1.2.5   XPS 
 
XPS identifies surface element by exciting electrons from the irradiated material into higher energy 
states using an incident X-ray (Figure 1.7(a)). Then it measures the kinetic energy and number of 
electrons escaping from the top 1-10 nm of the material surface. A typical XPS spectrum is a plot 
of number of detected electrons (Y-axis) versus the binding energy of the detected electrons (X-
axis). Each element (except hydrogen) owes a characteristic set of XPS peaks corresponding to 
related characteristic binding energy values, which can be used to directly identify each element 
exists on the surface of analyzed material. The peak intensity is proportional to the amount of 
element within the X-ray irradiated area (volume). 
   In our experiment, we applied XPS to identify the species on copper/graphene and other 
graphitic surfaces. As shown in Figure 1.7(b), copper (Cu2p: 933.0 - 934.7 eV) and carbon (C1s: 
284.2 – 288.6 eV) are the dominant species on freshly synthesized copper/graphene surface. In an 
XPS spectrum, the peak shift usually associates with the chemical state in which the element exists. 
For example, the C1s peak can be decomposed into 5 components: sp2 C=C (284.4 eV), sp3 C-C 
(284.8 eV), sp3 C-H (285.2 eV), C-O-C (286.4 eV), and O=C-O peaks (288.9 eV).64 Among these 
components, sp2 C=C peak is the dominant species which is assigned to the sp2 carbon framework 
of graphene. The sp3 C-C and sp3 C-H peaks demonstrate slightly higher binding energy than that 
of the sp2 C=C peak. These two peaks are attributed to physisorbed hydrocarbons as well as some 
surface modifications such as alkyl chain containing groups.65 The C-O-C and O=C-O peaks are 
associated with ether, ester and carboxylic groups, thus indicating the degree of oxidation on 
graphene surface as well as oxygen containing adsorbents.66-67  
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Figure 1-7 (a) Schematic of X-ray photoelectron spectroscopy. Reprinted with permission from reference 
171. Copyright 1992 © Springer. (b) XPS spectrum of copper/graphene, the insert column is the atomic 
percentage of each element within the detected area.  
 
 
 
 
Why study surface property? 
Due to its exceptional electrical, optical, mechanical and chemical properties and the availability 
of samples in both micron and large scale, graphene is particularly suited in many applications 
such as high performance transistors, gas sensors, transparent conductor, anti-corrosion coating, 
etc.68-71 Due to the atomic layer thickness, all the carbon atoms are either directly contacted with 
the underlying substrate or exposed to the environment. It is known that any molecule attached to 
the graphene surface could potentially impact its electrical and optical properties,72 in this regard, 
understanding the intrinsic surface properties of graphene and its interaction with environment is 
highly desirable in the integration of graphene into real-life devices.  
        The environmental and substrate effects on graphene surface have been extensively 
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investigated by many research groups.68, 71, 73-78 Figure 1.8 shows the application of graphene in 
both heat transfer coating and field-effect transistor (FET) devices. In Figure 1.8(a), coating the 
condenser surface (copper) with a layer of graphene significantly improves its heat transfer 
efficiency by a factor of 4 compared to conventional polymer coatings.79 However, the 
condensation of steam on graphene surface also promotes the formation of a water film, which 
drastically reduces its heat transfer efficiency for a long time use. In microscale applications, 
Figure 1.8(b) shows a failed attempt in depositing Au electrode on the top of graphene. Due to the 
poor interaction between graphene and gold, part of the electrode on the graphene has been peeled 
off during the lift-off process, results in an unsuccessful manufacture process.48  
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Figure 1-8 (a) Photograph of a copper condenser tube coated with graphene. When exposed to water vapor 
at 100oC, the film shows a dropwise condensation; Reprinted with permission from reference 79. Copyright 
2015 © American Chemical Society; (b) Optical microscopy of a FET device with Au peeled off on 
graphene. Reprinted with permission from reference 48. Copyright 2010 © American Chemical Society. 
 
 
          Moreover, it has been reported that even ambient air exposure can significantly affect the 
intrinsic surface property (e.g., electroactivity) of many graphitic surfaces.80-82 For example, 
Figure 1.9 shows the cyclic voltammogram (CV) of freshly exfoliated HOPG as a function of 
ambient exposure time. HOPG was applied as an electrode in this experiment and a rapid 
deterioration in the CV response was clearly observed during the 3 hours ambient exposure, 
indicating a substantial decrease of electrochemical activity on HOPG surface due to the 
adsorption of airborne impurities.82-83 
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Figure 1.9 CVs for the oxidation of 1 mM Fe(CN)64- in 1.0 M KCl at 0.1 V s-1 : on freshly exfoliated HOPG  
exposed in air at room temperature for 0 h (black), 1 h (red), 3 h (green). All CVs run on HOPG (SPI-1). 
Reprinted with permission from reference 82. Copyright 2012 © American Chemical Society. 
 
 
1.3      ENVIRONMENTAL AND SUBSTRATE EFFECT ON GRAPHENE SURFACE 
 
In my research, we mainly focused on CVD-grown copper/graphene sample to study its surface 
properties, including surface wettability and oxidation activity. Specifically, my dissertation 
mainly discusses the effect of airborne hydrocarbons, water and oxygen on its surface properties 
as well as the mutual interaction between graphene and the underlying copper substrate.  
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1.3.1   Airborne hydrocarbon effect 
 
According to literature studies, the airborne hydrocarbon contaminants (AHC) are mostly 
composed of anthropogenic alkanes, alkenes, alcohols and aromatic species, which are associated 
with plant growth, fuel combustion, and chemical industry.84-88 Although the concentrations of 
such AHC usually range from parts-per-trillion (ppt) to parts-per-million (ppm) level,89 they still 
demonstrate a profound impact on the surface wettability of graphitic materials.  
          Moreover, such AHC induced effect has been put into a rather broad perspective by 
correlating it with many other controversial topics in graphite community. For example, there have 
been contradictory reports on the effect of substrate on the wettability of single layer graphene, 
i.e., (non)wetting transparency;47, 90-91 water has been shown to spontaneously wet the inside of 
carbon nanotubes, which were traditionally known as hydrophobic;92-94 even the debate about the 
intrinsic electrochemical activity of graphite basal plane was related to the surface cleanliness of 
graphite.82-83, 95. In regard to all these anomalies, it is highly possible that the intrinsic property of 
a graphitic surface has been obscured by the unwanted hydrocarbon contaminants, which has been 
rarely considered in all these studies. Therefore, an overall investigation on AHC-free graphitic 
surface is critically desirable for rationalizing these discrepancies and more importantly, promoting 
a more effective fabrication of graphitic materials. 
 
1.3.2   Water adsorption  
 
It is generally accepted that water adsorption usually initiates from a chemisorption of 1-2 layers 
of water film that tightly bound to a surface in well-ordered structure, followed by a subsequent 
physisorption of water layer with a more liquid-like character.96 The thickness of such physisorbed 
24 
 
water layer ranges from nanometer to micrometer scale depending on the temperature, humidity 
and substrate. In a thermodynamic view, the condensation of water onto most hydrophilic surfaces 
is exothermic at all coverages. Besides, water condensation shows much lower enthalpy change 
(H) and entropy (S) during the first 1-2 layers adsorption, indicating a more ordered adlayer 
arrangement with much stronger bonding to the surface.97  
          In particular, water adsorption on graphitic surface (e.g., HOPG) is generally believed to 
initiate from the defect sites (or step edge).39, 48, 49 For example, Cao et al reported the use of 
graphene templating to visualize the microscopic structure of adsorbed water on HOPG surface.58 
By employing atomic force microscopy (AFM), lateral growth of water nanodroplets along the 
step edge (or defect sites) were observed with 5 - 15 nm in height while most of the basal plane 
area were still water free. It should be noted that the water contact angle on their HOPG sample 
was measured to be 90o, indicating an aged surface with a certain degree of hydrocarbon 
contamination. Interestingly, in their follow-up experiments conducted on a modified mica surface 
with a water contact angle ca. 40o, a much more uniform distribution of water nanodroplets were 
observed with 0.5-1.5 nm in height. In another work reported by Chakarov et al.,98 they studied 
the water adsorption on a freshly cleaved HOPG in UHV via a temperature-programmed 
desorption (TPD) process. Though still initiated from the defect sites as the first layer, such water 
film on fresh HOPG surface can grow two-dimensionally as the adsorption continues and 
eventually coalesced at a certain high coverage. In fact, the lattice parameter of sp2 C-C in graphite 
closely matches the 2D unit cell of the basal plane of type I ice,98 that is, the graphite crystalline 
surface can serve as a good template for the growth of ice-like water layers at low temperature. 
Indeed, a “square ice” structure was recently observed to exist between two graphene sheets.99  
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1.3.3   Atmospheric oxidation  
 
Theoretically, due to the lack of dangling bonds and defect sites, graphene with perfect hexagonal 
lattice structure is highly resistant to atmospheric oxidation below 700-800oC. 100-101 However, 
CVD-grown graphene usually shows relatively higher reactivity, which can readily react with 
oxygen molecules at low temperature (<400oC).102 This can be explained that many active sites 
(e.g., defect sites, wrinkles, crystalline boundaries, etc.) can be produced during a vapor deposition 
process, which shows significantly lower activation energy when reacting with oxygen.103 
          In addition, oxidation of graphene has received extensive studies owing to its fundamental 
importance and potential applications. Firstly, to realize many technological applications of 
graphene requires the tailoring of its physical, chemical properties by chemical reactions. Although 
graphene is known to be a chemically inert material, controllable oxidation can be a versatile tool 
to selectively functionalize the surface of graphene and manipulate its properties. For example, by 
changing the oxidation level and the relative composition of epoxy and hydroxyl groups on 
graphene surface, the energy band gap can be tuned in a range of 0 - 4.0 eV,104 indicating a 
controllable band gap tuning through oxidation process. It has also been found that defects on 
graphene surface induced by oxidation also have significant effects on the electrical,105 
transport,106 thermal conductive and chemical properties107 of graphene.  
 
1.3.4   Substrate effect  
 
Graphene has drawn significant attention due to its unusual physical properties and promising 
applications in electronic devices.108 In practice, many of the predicted properties (e.g., high 
electron mobility) of graphene can be obscured or altered by its interactions with an underlying 
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substrate.109-114 For example, it was observed that the thermal conductivity of supported graphene 
is considerably lower than that of the suspended graphene due to phonons leaking across the 
graphene-support interface.115 As another example, charges trapped at the graphene-substrate 
interface116-117 could act as external scattering centers and degrade transport properties in single-
layer graphene whose atoms are all exposed directly to extrinsic impurities.118-119  
          Given the importance of studying the substrate effect on graphene surface, it should be noted 
that such effect varies from substrate to substrate. For example, graphene shows different degrees 
of local morphology and charge disorder when deposited on different substrates.120-122 On 
atomically flat mica substrate, the morphology of graphene has been observed to be free of 
ripples123 while a step-like graphene flask was shown on step-bunched sapphire substrate.124 
Among the many studies of graphene-substrate interaction, a substantial portion was devoted to 
understand the effect of copper surface during the CVD growth of single layer graphene. Many of 
these studies were motivated by the need to grow high quality, defect-free graphene samples.125-
128 For example, Yan et al. decreased the graphene nucleus density through electrochemical 
polishing and high pressure annealing copper surface.125 Lyding and coworkers explored the 
effects of copper crystal structure on graphene synthesis, they observed that the copper (111) facet, 
having a hexagonal crystalline structure and the best match to that of graphene, facilitates graphene 
growth in the highest quality.129 More recently, Hao et al. reported that oxygen-rich copper surface 
enabled the growth of single-crystal graphene in centimeter scale.130  
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2.0       EFFECT OF AIRBORNE CONTAMINANTS ON THE WETTABILITY OF 
SUPPORTED GRAPHENE AND GRAPHITE  
 
 
2.1      CHAPTER PREFACE 
 
Materials contained in this chapter were published as a research article in Nature Materials; figures 
used in this chapter have been reprinted with permission from: Nat. Mater. 2013, 12, 925-931 (listed 
as reference 54 in the bibliography section). Copyright 2013 © Nature Publishing Group (NPG). 
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2.2      INTRODUCTION 
 
In graphene community, it is a long-held view that a pristine graphene surface is hydrophobic and 
its wetting property is similar to that of graphite.39-51 For example, Shin et al. conducted WCA 
measurement on epitaxial graphene grown on a SiC substrate and reported that the WCA of their 
graphene sample is 92º and is independent of its thickness.131 For graphene film grown by CVD 
and subsequently transferred to a SiO2 substrate, Kim et al. reported WCA of 90.4º and 93.8º for 
Ni-grown (multi-layer) and Cu-grown (single-layer) graphene samples, respectively.132 This 
dominant view has guided many follow-up studies both theoretically and experimentally, such as 
the computational model set-up of graphite-water interface,133 graphitic surface modification for 
efficient device fabrication,37 etc.  
          Though supported by the mainstream community, the intrinsic hydrophobicity still met 
problems in explaining many hydrophilic behaviors of graphitic surface. For example, water is 
known to not only wet but also transport inside a single-walled carbon nanotube at very high speed, 
implying a hydrophilic interior surface for such small-diameter carbon nanotubes.134-136 Very 
recently, two groups claimed that monolayer graphene is either completely or partially wetting 
transparent, indicating the surface wettability of graphene is to some extent dictated by its 
underlying substrate.47, 90-91 All these studies raised questions about the intrinsic wetting behavior 
of graphitic surface. 
   Being a surface property, it is widely accepted that water wettability is highly sensitive to 
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surface contamination. Among the many molecular to nanoscale contaminants, airborne 
hydrocarbons trigger special interests in materials science communities since they have a profound 
impact on surface wettability, which is one of the most important surface properties and also affects 
adhesion,137 adsorption,138 carrier mobility139 and charge doping140. Many surfaces are known to 
adsorb hydrocarbon from ambient air, including metal,141 TiO2,142 SiO2,143-144 and hexagonal 
BN.145 Such hydrocarbon adsorption decreases the surface energy of the substrate and increases 
its hydrophobicity, which is reflected as an increase of their WCA.141-146 This airborne hydrocarbon 
has not been previously considered to affect the wettability of graphene, presumably because 
graphite has long been regarded as a low energy surface and therefore should have a weak tendency 
to adsorb hydrocarbon. However, this assumption has never been validated experimentally.  
    Herein we report a study that probes the intrinsic water wettability of graphene. We show 
that exposure to ambient air has a drastic impact on the water wettability of CVD-grown 
copper/graphene surface. Both Infrared (IR) spectroscopy and XPS indicated that the increase of 
WCA is linked to the adsorption of airborne hydrocarbon onto the graphene surface. Similar 
observations were also made on single layer graphene films deposited on SiO2, glass, and gold 
substrates as well as multi-layer graphene film grown on a Ni substrate, suggesting that the 
wettability of all graphene surfaces are affected by ambient air exposure. Our findings show that 
graphene is more hydrophilic than previously thought and suggest that the reported hydrophobic 
nature of graphene is due to unintentional hydrocarbon contamination from ambient air.  
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2.3      EXPERIMENTAL SECTION 
 
2.3.1   Synthesis of single-layer graphene on copper foil (copper/graphene)  
 
The typical synthesis process is reported by Li et al.126 Typically, a ∼ 4 cm2 copper foil (Alfa Aesar, 
99.8%, 25 μm thick) was placed at the center of a 1-inch-diameter fused quartz tube. The furnace 
tube was evacuated and heated to 1000oC under a 2.0 standard cubic centimeters per minute 
(SCCM). H2 gas flow with a pressure of 100~110 mTorr for 30 min, followed by CH4 (carbon 
source) gas flow of 20 SCCM at 1000oC for another 30 min at a total pressure of 500 mTorr. Then 
the copper foil was cooled to room temperature under H2 and CH4 gas flow and taken out from the 
tube furnace.  
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Figure 2-1 Experimental setup for low-pressure CVD synthesis of graphene using Cu as substrate. MFC: 
mass flow controller. 
 
 
2.3.2   Synthesis of multi-layer graphene on Ni foil (nickel/graphene) 
 
The CVD synthesis was conducted on a Ni film vacuum deposited on a silicon wafer. Briefly, on 
a silicon wafer was deposited a Ti layer at 0.4 nm/s for a total of 5 nm followed by a Ni layer at 
0.1 nm/s for a total of 300 nm. The deposition was carried out on a Thermionics VE-180 e-beam 
evaporator at a pressure of 2 x 10-6 Torr.  
      The CVD synthesis of multilayer graphene is almost the same as the case of single layer 
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graphene, except the reaction temperature was 800 °C. The sample was determined to be 2-3 layers 
of graphene-based on its Raman spectrum. 
 
2.3.3   Graphene transferred onto different substrates 
 
Substrate preparation: Gold substrate preparation: a Si wafer/Ti (5 nm)/Au (300 nm) substrate 
was prepared by first depositing a Ti layer on to a Si wafer at a rate of 0.4 nm/s for a total of 5 nm 
followed by depositing an Au layer at a rate of 0.1 nm/s for a total of 300 nm. The deposition 
pressure was 2 x 10-6 Torr. Before its use, the Au substrate was rinsed with acetone and deionized 
(DI) water and blown dry with nitrogen. 
          Si wafer with a 300 nm of SiO2 (University Wafers) and glass substrate were soaked in 
piranha solution (70% concentrated sulphuric acid + 30% hydrogen peroxide (30%)) for 1 hr, 
followed by a thorough rinse of DI water and then blown dry with dry nitrogen before use. Caution: 
piranha solution reacts violently with organic compounds. Wear proper personal protection 
equipment and perform all experiments in a fume hood.  
 
Transfer procedures: The graphene film grown on a copper foil was transferred onto different 
substrates following the procedures reported by Li et al.147 The transfer process began with spin-
coating poly methyl-methacrylate (PMMA (Aldrich, Mw 996000)) layer on one side of the 
copper/graphene surface, followed by etching Cu foil  in 1 M FeCl3 (Sigma-Aldrich, 97%) /3.5 M 
HCl (Fisher Scientific, 37.1%)) aqueous solution for 20min. After the copper foil being completely 
etched, PMMA/graphene film was transferred to a DI water bath for cleaning and then carefully 
collected onto different substrates. The PMMA film was then dissolved in acetone for 8h followed 
by immersion in a dichloromethane bath for another 8h. To further remove the surface 
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contamination, the graphene covered substrate was then annealed in Ar atmosphere at 400 oC for 
30 min. 
 
2.3.4   WCA  
 
The WCA measurement was conducted with a VCA optima XE contact angle system at 24°C and 
48% relative humidity. Each water droplet has a volume of ~ 2 µL and was carefully touched to 
the copper/graphene surface. A charge-coupled device (CCD) camera was used to take images of 
water droplets, which was followed by an automatic calculation of the static contact angle by the 
vendor supplied software. Each static WCA measurement was repeated three times and the average 
value was reported. 
 
2.3.5   Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) 
 
ATR-FTIR spectra were collected with a Bruker VERTEX-70LS FTIR and a Bruker Hyperion 
2000 FTIR microscope in reflectance mode utilizing a germanium 20x ATR objective and a liquid 
nitrogen cooled mid-band MCT A detector (7000 - 600 cm-1 spectral range). Before measurements, 
the system was purged for 20 minutes with nitrogen gas and a background spectrum was collected 
without having the ATR crystal contacting the sample. Each sample spectrum was collected for 
150 scans with a resolution of 4 cm-1 and a total acquisition time of 2.5 min. The ATR crystal was 
lifted off the sample to provide air exposure (17.5 min) before the next spectrum was taken. The 
spectra were processed by the vendor supplied software to correct for the atmospheric H2O and 
CO2 peaks and perform integration of the C-H peaks.  
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2.3.6   XPS  
 
XPS measurements were carried out on a custom built multi-technique surface analysis instrument 
operating at a base pressure of less than 1x10-10 torr. Spectra were collected using the Al-Kα X-
ray line and a Leybold-Heraeus EA-10 hemispherical energy analyzer typically operating with a 
bandpass of 50 eV for both survey scans (1.0 eV/step) and detailed scans (0.1 eV/step).  
 
2.3.7   Raman spectroscopy 
 
Room temperature micro-Raman spectra were conducted on a custom-built setup using 532 nm 
single-longitudinal mode solid-state laser with a spot size less than 1 m. A 40x objective (NA: 
0.60) was used in all the micro-Raman experiments. Laser power was kept less than 1 mW at the 
entrance aperture to avoid laser induced thermal effect on graphene. Raman spectra were shifted 
on the y-axis for clarity.  
 
2.3.8   UV/O3 treatment of copper/graphene sample 
 
UV/O3 treatment was carried out with a PSD Pro Series Digital UV Ozone System at room 
temperature. The treatment time was indicated in the main text.  
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2.3.9   Thermal annealing of copper/graphene sample  
 
After CVD synthesis, a copper/graphene sample was taken out of the CVD chamber and exposed 
to air for 2 hr. The sample was then put back to the CVD chamber under flowing Ar (99.999%) at 
500 mTorr for 30 min to flush out air in the chamber. The sample was then heated to 550 °C for 1 
hr and followed by a fast cooling under Ar to room temperature. The sample was taken out of the 
CVD chamber to measure its WCA and Raman spectrum. 
 
2.4      RESULTS AND DISCUSSION 
 
2.4.1   Intrinsic wettability of graphene and graphite 
 
We found that an as-prepared graphene sample is hydrophilic and becomes hydrophobic when 
exposed to ambient air. Shown in Figure 2.2(a), within 10 s of taking a graphene/copper sample 
out of the CVD chamber, its WCA was found to be only 44°. The WCA quickly reached ca. 60° 
within 20 minutes, after which the rate of increase drastically slowed down. The WCA eventually 
plateaued at 80° after 1 day. The overall trend of the WCA increase was highly reproducible (Figure 
2.2(b)). However, the initial WCA can be somewhat variable, ranging from 37° to 56°; the WCA 
after 1 day of exposure showed a much smaller variation, ranging from 80° to 90° (Figure 2.2(c)). 
Both the initial WCA and the rate of WCA increase are sensitive to the local environment, such as 
location of sample storage and type of container (vide infra). The previously reported WCA for a 
graphene/copper sample is 86°,148 similar to the result we obtained on samples after 1 day of air 
exposure.   
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Figure 2-2 (a) Temporal evolution of the WCA measured on a graphene/copper sample. The sample was 
taken out of the CVD chamber at time 0. The three photographs show the water drops captured at 1 min, 
60 min, and 1200 min; (b) Temporal evolution of WCA for 6 graphene/copper samples upon their exposure 
to air. The samples were taken out of the CVD chamber at time 0; (c) WCA of 10 graphene/copper samples 
after ca. 1 min (black), 60 min (red), and 1 day (blue) of air exposure. The data points are shifted in the 
time axis for clarity.   
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In addition to copper/graphene, nickel/graphene and HOPG samples also show a more 
hydrophilic surface wetting behavior right after CVD synthesis (exfoliation). Note that our CVD 
process allows ca. 2-3 layers of graphene grown on nickel substrate. As shown in Figure 2.3, the 
WCA measured on a freshly cleaved HOPG was 64.4º and for a freshly prepared nickel/graphene 
samples the corresponding value was 59.6º. Upon extended exposure to ambient air, both samples 
showed a significant increase of WCA to 91º (HOPG) and 94.6º (nickel/graphene). Given that the 
generally accepted WCA in the literature for HOPG is 86º,148-149 we believe their data are very 
similar to the value we observed for aged HOPG.   
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Figure 2-3 (a-b) WCA of HOPG and (c,d) WCA of CVD grown multilayer graphene on a nickel substrate. 
‘Fresh’ samples were measured within 1 min of exfoliation (HOPG) or taken out of CVD chamber 
(graphene/nickel). Aged samples have been exposed to ambient air for 2 days.  
 
 
2.4.2   Effect of airborne hydrocarbon contamination 
 
We attributed the time-dependent WCA increase to the adsorption of airborne hydrocarbon on 
graphitic surface upon ambient air exposure. This hypothesis was firstly supported by ATR-FTIR. 
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Shown in Figure 2.4(a) are the ATR-FTIR spectra taken on the same location of a copper/graphene 
sample as a function of its exposure time in ambient air. Two major peaks were observed at 2850 
cm-1 and 2930 cm-1, which can be assigned to the symmetric and asymmetric stretching of 
methylene group (-CH2-), respectively.143 Both peaks showed a monotonic increase with 
increasing air exposure (Figure 2.4(b)). At longer times, a much weaker peak can be observed at 
2950 cm-1 that can be assigned to the asymmetric stretching of -CH3 group.143 
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Figure 2-4 (a) ATR-FTIR spectrum of a graphene/copper sample. The spectra were shift vertically for clarity. 
The sample was taken out of the CVD chamber at time 0. (b) The integrated peak area vs time for the peaks 
at 2930 cm-1 (asymmetric CH2 stretching, blue) and 2850 cm-1 (symmetric CH2 stretching, red). 
 
 
      The same hydrocarbon accumulation on graphene was also observed with XPS. In Figure 
2.5, we compare two C1s XPS spectra of the same copper/graphene sample, one collected within 
10 minutes after taking out of the CVD chamber and the other after 2 weeks of storage in air. The 
difference spectrum showed a positive peak near 285.7 eV with a shoulder at 287.6 eV. This peak 
is consistent with the adsorption of hydrocarbon onto graphene; its integrated peak area was 19% 
of the total C1s peak area of the freshly prepared sample. Although some of the adsorbed 
hydrocarbons will desorb when subject to the high vacuum (10-10 torr) of the XPS chamber and as 
41 
 
a result the XPS measurement will not quantitatively correlate with that of the ATR-FTIR, both 
characterization methods clearly showed that the adsorption of airborne hydrocarbon occurred on 
the graphene surface. Our XPS data indicates that the surface coverage of hydrocarbon is at least 
19% after 2 weeks of air exposure.  
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Figure 2-5 Carbon 1s XPS peak of an as-prepared copper/graphene sample and the same sample after 
exposed to air for 2 weeks. Inset: difference between new and aged copper/graphene (Cu/G) sample, BE: 
binding energy. 
 
 
     It is noted that the adsorption of airborne hydrocarbon and its effect on WCA have been 
documented for a number of metal and ionic surfaces, such as gold,150 SiO2,143 and TiO2.142 
Moreover, a recent study also investigated the hydrocarbon adsorption on hexagonal boron nitride, 
which is topologically similar to graphene but has a much more polar surface.145 For all these 
surfaces, adsorption of airborne hydrocarbon leads to a concurrent increase of their WCA, similar 
to what we observed for graphene. 
In all, the WCA, ATR-FTIR, and XPS results suggest that a clean copper/graphene sample is 
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intrinsically hydrophilic and becomes hydrophobic only after absorbing hydrocarbon from 
ambient air. The fact that we never observed a decrease of WCA suggests that the contaminants 
are mostly hydrophobic molecules. Although graphitic surfaces have long been regarded as a low 
energy surface, our results clearly showed that a copper/graphene surface can be rapidly 
contaminated by airborne hydrocarbon, leading to a significant increase of its WCA.  
    The uncertainty in our conclusion arises principally from another assumption that other gas 
molecules (e.g., O2, CO2, water, etc.) can also adsorb on graphitic surface and induce WCA 
increase. To exclude this hypothesis, we conducted two additional control experiments to confirm 
that it is indeed the hydrocarbon contamination that caused the increase of WCA of graphene. In 
one experiment, we exposed a freshly prepared copper/graphene sample to 1-octadecene (b.p.: 
315°C) vapor at 50°C for 30 min and observed an increase of WCA to 80° (Figure 2.6(a)). In 
comparison, the WCA of a copper/graphene sample only increased to ca. 65° in the absence of 1-
octadecene vapor but under otherwise the same conditions. Exposing this “contaminated” 
graphene to UV/O3 restored its hydrophilic nature without introducing significant damage to 
graphene. In another experiment, we found that a copper/graphene sample kept in a polystyrene 
petri dish showed consistently higher WCA than another sample kept in a carefully cleaned glass 
container (Figure 2.6(b)). To understand this result, we note that plastics emit volatile organic 
compounds (VOC), in particular plasticizers, even at room temperature.143, 151-152 The emitted VOC 
is an additional source of hydrocarbon and can reach a steady state concentration up to the parts-
per-billion (ppb) level,151 which is similar to the typical hydrocarbon concentration in air.153 Both 
experiments clearly showed the correlation between hydrocarbon adsorption and the WCA 
increase on graphene surface.  
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Figure 2-6 (a) Effect of intentional exposure to organic vapor on the WCA of a copper/graphene sample. 
Keys: (1) as-prepared; (2), (4), and (6): after exposure to 1-octadecene vapor for 30 min; (3) and (5) after 2 
min of UV/O3 treatment. (b) Effect of volatile organic compound emission from a plastic petri dish on the 
WCA of a copper/graphene sample.  
 
 
2.4.3   Conventional techniques to remove AHC 
 
Both thermal annealing and UV/O3 treatment could remove the hydrocarbon contaminants and at 
the same time decrease the WCA of graphene. It is known that thermal annealing was frequently 
used to remove polymer residues (e.g., PMMA) on graphene.154 In our experiment, we found that 
annealing an “air-contaminated” copper/graphene sample in Ar at 550 ºC decreased its WCA to as 
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low as 55º (Figure 2.7(a)). When exposed to air, the annealed copper/graphene sample showed a 
rapid increase of WCA, similar to the behavior observed for an as-prepared sample. To confirm 
the decrease of hydrocarbon contamination on graphene surface during thermal annealing, Figure 
2.9(a) showed the ATR-FTIR measurement before and after thermal annealing in Ar. The C-H peak 
intensity decreased by at least 50% after the annealing while Raman spectroscopy (Figure 2.9(b)) 
showed no apparent damage in annealed graphene. 
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Figure 2-7 Effect of (a) thermal annealing in Ar at 550oC and (b) UV/O3 treatment on the wettability of a 
copper/graphene sample. The inset in (b) shows the integrated peak area vs time for the ATR-FTIR peaks 
at 2930 cm-1 (asymmetric CH2 stretching, blue) and 2850 cm-1 (symmetric CH2 stretching, red). The thermal 
annealing and UV/O3 treatment ended at time 0. 
 
 
     In addition, we also transferred CVD-grown single layer graphene to gold, glass, and SiO2 
substrates and observed a decrease of WCA after thermal annealing. These transferred graphene 
samples and their substrates are all contaminated by hydrocarbon because their preparation 
necessitates their long exposure in air and contact with organic solvent and polymer. The WCA of 
the transferred single layer graphene samples range from 76° to 85° after the transferring process. 
We then annealed these single layer graphene samples as well as an ‘air-contaminated’ multi-layer 
Ni/graphene sample under Ar at 600°C. We observed a decrease in their WCAs immediately after 
the thermal treatment. The WCAs measured right after the annealing ranged from 65° to 75° with 
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an average decrease of 17° (Figure 2.8). We note that the annealing is unlikely to remove all the 
hydrocarbons and as a result, the WCA we measured after the annealing will depend on the degree 
of hydrocarbon removal, which could be affected by the underlying substrate. As such, these values 
should be regarded as the higher bound of the intrinsic WCA of these samples. 
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Figure 2-8 Effect of thermal annealing (Ar, 600oC, 60 min) on the WCA of single layer graphene deposited 
on Si/SiO2, glass, and Au substrates as well as multi-layer graphene grown on a Ni substrate. The samples 
were taken out of the annealing chamber at time 0.  
 
 
     UV/O3 treatment was applied as an alternative method to decrease the surface hydrocarbon 
contamination on graphene surface. As shown in Figure 2.7(b), we also found that a brief UV/O3 
treatment could effectively remove the hydrocarbon contaminants without damaging graphene. 
The ATR-FTIR spectrum of the UV/O3 treated graphene sample (Figure 2.7(b) inset) showed a 62% 
reduction in the peak intensity at 2930 cm-1 while the XPS showed a decrease in the C-H species 
(Figure 2.10(a)). In addition, the Raman spectrum of UV/O3 treated sample showed a very weak 
D peak (Figure 2.10(b)), indicating that the removal of hydrocarbon was achieved without 
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introducing significant amount of structural damage to graphene. Similar to the case of thermal 
annealing, the UV/O3 treatment also resulted in a decrease of WCA. We attribute this decrease to 
the removal of hydrocarbon although we cannot rule out the possible contribution from partially 
oxidized hydrocarbon species. Upon exposure to ambient air, the C-H peaks in the ATR-FTIR 
spectrum increased in intensity and fully recovered after approximately 80 min (Figure 2.7(b)). 
  
50 
 
 
 
 
Figure 2-9 (a) ATR-FTIR spectrum of a graphene/copper sample before (black) and after (red) thermal 
annealing in Ar at 550ºC for 1h. (b) Raman spectra of a graphene/copper sample before and after thermal 
annealing in Ar at 550ºC. The D peak was very weak, indicating that the thermal annealing introduced 
minimal structural damage to graphene. The large background is typical for graphene/copper samples.    
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Figure 2-10 (a) Carbon 1s XPS spectrum of an aged graphene sample (black) and the same sample after 
UV/O3 treatment (red). The inset shows the difference of the two spectra. (b) Raman spectra of a 
graphene/copper sample before and after 4 min of UV/Ozone treatment. The D peak was weak, indicating 
that the UV/Ozone exposure introduced minimal structural damage to graphene. The large background is 
typical for copper/graphene samples.  
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2.5      CONCLUSION 
 
In conclusion, our study showed that a clean graphene surface is in fact mildly hydrophilic as 
opposite to hydrophobic, and the previously observed hydrophobicity is actually due to 
contamination from airborne hydrocarbon. For a graphene/copper sample, the WCA can be as low 
as 37° for a clean surface and increases to ca. 80° for a hydrocarbon-contaminated one. Similar 
observations were also made on single layer graphene deposited on SiO2, glass, and gold substrates 
as well as multi-layer graphene grown on a Ni substrate, suggesting that this hydrocarbon 
contamination may affect the wettability of all graphene surfaces. In addition, significant 
hydrocarbon contamination could occur within several minutes of air exposure and as a result, this 
effect could be easily overlooked if the WCA measurement was not done immediately after the 
synthesis of graphene. Given that wettability is an essential concept in interpreting and predicting 
many surface phenomena and even used to calibrate force fields for molecular dynamic 
simulations.155 Our result suggests that water – graphene interaction is stronger than previously 
believed156 and calls for a revisit of the wetting models developed for graphitic surfaces.  
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3.0       WATER PROTECTS GRAPHITIC SURFACE FROM AIRBORNE 
HYDROCARBON CONTAMINATION 
 
 
3.1      CHAPTER PREFACE 
 
Materials contained in this chapter were submitted as a research article to ACS Nano. 
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3.2      BACKGROUND 
 
We and others have reported that many graphitic surfaces, such as graphene and graphite, are 
mildly hydrophilic and the previously observed hydrophobicity is actually due to contamination 
from airborne hydrocarbons.38, 157-162 Given that wettability is one of the most  fundamental surface 
properties, it directly impacts many other surface properties, such as adhesion,137 adsorption,138 
carrier mobility139 and charge doping140. In this regard, it is highly expected to revisit those surface 
properties on airborne hydrocarbon contaminants (AHC) free graphitic surface. 
          However, a thorough and systematical investigation on the hydrocarbon-free graphitic 
surface has been restricted by rapid hydrocarbon adsorption onto the pristine surface. For example, 
our recent studies demonstrated the kinetics of airborne hydrocarbon adsorption on HOPG surface, 
which becomes saturated within 10 - 15 minutes upon air exposure after exfoliation.38 Such a short 
timescale inevitably limits further characterization targeting the intrinsic properties of graphitic 
surface. Maintaining a clean graphitic surface will require either a hydrocarbon-free environment, 
methods to clean the surface, or ways to protect the surface from contamination.  
           It is extremely difficult to maintain a hydrocarbon-free environment because even parts-
per-trillion (ppt) level of hydrocarbon is detrimental. Although it is possible to remove 
hydrocarbons from air by passing contaminated air through cryogenically cooled activated 
charcoal,163 such an approach requires the experimental setup to be isolated from ambient air, 
making it impractical for most experiments and large scale applications. We also note that 
glovebox and clean room do not provide a hydrocarbon free environment; in fact, both contain 
55 
 
high levels of hydrocarbon due to emission from plastics (e.g., gloves, wafer storage containers, 
etc.).  
           Conventional surface cleaning techniques are not effective in cleaning graphitic surface.164 
For instance, solvent washing is able to remove the surface contaminants, but solvent residue can 
easily become trapped on graphitic surface due to the existence of step edges (i.e., defect sites);165 
cleaning methods based on thermal desorption or UV photocatalysis removes the surface adsorbed 
airborne hydrocarbon at the expense of producing additional defect sites on the basal plane;166-167 
high-speed air jet requires a pressure drop about 105 Pa along the centerline of gas flow,168 which 
can easily blow off graphene (graphite) layers from the underlying substrate.169 All things 
considered, a strategy that simply protects a fresh graphitic surface from airborne hydrocarbon is 
expected to be suitable for both fundamental study and large-scale applications of graphitic 
materials.  
           Herein, we report a convenient method to significantly inhibit hydrocarbon contamination 
through water coverage of graphitic carbon. This approach significantly slows down (by a factor 
of ca. 20) the airborne hydrocarbon contamination on a fresh graphitic surface, thus maintaining 
its intrinsic wetting behavior for many hours in air. Follow-up surface characterization shows that 
water condenses on graphitic surface, likely forming a 2D ice structure that persists even at room 
temperature. Our method provides a convenient strategy to fabricate graphitic materials with 
minimal hydrocarbon contamination, maintaining its intrinsic surface properties in device 
application. As an example, we show that water-treated graphite electrode maintained high level 
of electrochemical activity in air for up to one day.  
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3.3      EXPERIMENTAL SECTION 
 
3.3.1   Preparation of HOPG samples  
 
HOPG purchased from SPI Supplies. Both SPI-1 (Grade:10 x 10 x 1 mm) and SPI-2 samples 
(Grade: 20 x 20 x 1 mm) were used for all experiments. Exfoliation was performed by the well-
established tape method where a piece of adhesive tape was placed on the sample surface and 
gently rubbed to ensure contact between the tape and sample.170 The tape (Scotch® brand 1 inch) 
was then carefully pulled back, removing the upper surface layer, thereby exposing a fresh HOPG 
surface. Care was taken to ensure that a complete layer of HOPG was removed in each exfoliation. 
Testing was performed on the pristine surface away from flakes and surface defects.  
 
Note: 
Synthesis of single-layer graphene on copper foil: see experimental details in 2.3.1 
Graphene transferred onto silicon substrate: see experimental details in 2.3.3  
 
3.3.2   Low-temperature storage 
 
One piece of HOPG was kept in a glass petri dish without lid covered to ensure ambient exposure. 
The glass petri dish was carefully cleaned (acetone wash followed by UV/Ozone cleaning for 30 
min) and then surrounded by a pile of dry ice particles during the low temperature storage. Care 
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was taken to not directly contact the HOPG sample with dry ice. The local temperature was 
mearured to be -15 - -20oC using a non-contact laser infrared thermometer. During the WCA 
measurement, sample was taken out of the petridish every 1-30 min and then immediately put back.   
3.3.3   XPS  
 
XPS measurements were carried out in a UHV chamber (base pressure ~ 1x10-10 torr) of an Escalab 
250XI XPS instrument. Spectra were collected using the Al-Kα X-ray line and a CAE analyzer. 
The characterization was operated with a bandpass of 50 eV for both survey scans (1.0 eV/step) 
and detailed scans (0.1 eV/step). After raw data collection, the Thermo ScientificTM Advantage 
Data System software was used in data analysis of background subtraction and peak fitting.  
 
Note:  
ATR-FTIR: see experimental details in 2.3.5 
WCA: see experimental details in 2.3.4 
 
 
3.4      RESULTS AND DISCUSSION 
 
3.4.1   Low temperature storage effects graphitic surface wettability  
 
We found that the intrinsic wettability of freshly prepared graphitic surface (e.g., HOPG, 
copper/graphene) can be well preserved for many hours when stored at low temperature. Shown 
in Figure 3.1 is the static WCA evolution on newly exfoliated HOPG samples exposed in air at 
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room temperature (r.t.) and low temperature, respectively. Upon r.t. storage, the HOPG sample 
showed an initial WCA ca. 65o and increased in the next 15 min to a constant value of ca. 90o, in 
agreement with our previously reported WCA on freshly cleaved HOPG surface during air 
exposure. In comparison, HOPG stored at low temperature showed consistently lower WCA 
initiated from ca. 60o, which slightly reached ca. 70o within 15 min air exposure and plateaued 
without further increase. This remarkable WCA contrast over different storage methods is highly 
reproducible regardless of testing time and locations, whereas a small variation of WCA (60-65o) 
exists on different HOPG samples right after exfoliation.  
          The consistently low WCA was also observed on other graphitic surfaces during a low 
temperature storage. In Figure 3.1(b), CVD-grown copper/graphene sample showed an initial 
WCA about 40-45o, which drastically increased to 60o within 20 min air exposure and plateaued 
at ca. 80o overnight. When stored at low temperature, its intrinsic wettability can be effectively 
preserved with a constantly lower WCA about 50o, indicating a minimal hydrocarbon deposition 
on copper/graphene surface during the 2 hours low temperature storage. We also transferred 
graphene onto two SiO2 substrates and then thermally annealed them in vacuum at 500oC to get 
rid of the surface hydrocarbons. As shown in In Figure 3.1(c), we observed a decrease in their 
WCAs immediately after the thermal annealing, suggesting a substantial decrease of surface 
hydrocarbon level. During the subsequent 1h ambient exposure, SiO2/graphene exposed in air at 
r.t. showed a rapid recovery of WCA (80 – 85o) due to the airborne contamination. In contrast, 
SiO2/graphene stored at low temperature maintained a low WCA with a slight variation from 59o 
to 65o, indicating a reduced hydrocarbon contamination on graphitic surface at low temperature. 
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Figure 3-1 Temporal evolution of the WCA measured on (a) freshly exfoliated HOPG (b) freshly 
synthesized CVD-grown copper/graphene and (c) SiO2/graphene thermal annealed in vacuum at 500oC for 
1 hour. All samples are stored at room temperature (r.t.) and low temperature, respectively. For the samples 
stored at low temperature, they were only exposed to r.t. during the WCA measurement.  
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3.4.2   Inhibition of AHC adsorption  
 
According to previous studies, such WCA increasing trend is mainly due to the adsorption of 
airborne hydrocarbon upon ambient exposure. The adsorbed hydrocarbon decreases the surface 
energy and thus converts the fresh graphitic surface from mildly hydrophilic to more hydrophobic. 
In our current experiments, we demonstrated that such airborne hydrocarbon adsorption on HOPG 
surface has been significantly inhibited during low temperature storage, as evidenced by both ATR-
FTIR and XPS measurements.  
          Shown in Figure 3.2 are ATR-FTIR spectra of two freshly exfoliated HOPG samples stored 
at r.t. Figure 3.2(a) and low temperature Figure 3.2(b) for 2 days. For the r.t. stored HOPG sample, 
peaks at 2850 cm-1 and 2930 cm-1 can be clearly observed after 2 days of air exposure, 
corresponding to symmetric and asymmetric stretching of methylene group (-CH2-), respectively. 
In comparison, such hydrocarbon induced peak was barely detectable on low temperature stored 
HOPG surface while a broad peak around 3000 cm-1 – 3500 cm-1 was observed, which can be 
assigned to the O-H stretching vibrations of water molecules. Interestingly, unlike liquid-phase 
water that always shows an IR peak centered in around 3400 cm-1, HOPG stored at low temperature 
gives rise to a water peak locates in 3250 cm-1, indicating an ice-like structure with a more 
restricted –OH bond stretching (vide infra).  
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Figure 3-2 ATR-FTIR spectra of freshly exfoliated HOPG stored at (a) room temperature and (b) low 
temperature for 2 days. For each sample, spectra were taken right after exfoliation (30 minute low 
temperature storage) and after 2 days storage in ambient air, respectively. The insert shows a magnified 
image of the dashed area in (a). Note that the spectra are plotted in absorbance mode and vertically shifted 
for clarity.  
 
 
          The impact of storage method on the hydrocarbon accumulation on HOPG surface was also 
observed with XPS. As shown in Figure 3.3(a), a freshly cleaved HOPG sample was firstly 
analyzed to provide a benchmark, which displayed a single C1s peak at 284.5 eV corresponding 
to the sp2 structured C-C (surface and bulk). Given that the C1s peak would have contribution from 
both surface as well as many sub-layers of graphite, we performed C1s peak analysis to calculate 
the contribution from the top layer of HOPG. 
         To estimate the contribution of the top layer of HOPG, we make the following assumptions: 
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1. While the x-ray penetrates into the sample, there is a limited escape depth of the ejected 
electrons. Based on the energy of our x-ray gun (ca. 1400 eV), the depth is around 10 nm,171 
corresponding to ca. 29 graphene layers in total. 
2. According to Beer-Lambert relationship: Io = I / exp (-( dG / cos  / λ),      where Io  (I)  
attributes to the peak intensity of top (second) graphene layer,  dG = 3.5 Å is the thickness 
of graphene layer and  is the escape angle (45o), λ is the Inelastic Mean Free Path (IMFP) 
and equals 24.8 Å.172 
          With these assumptions, the contribution of the kth (k<30) layer of graphene to the observed 
C1s peak will decrease to 0.819k-1 for each increase of layer depth. As a result, the contribution 
from the top layer of HOPG accounts for 18% of the observed C1s peak. Therefore, instead of a 
significant broadening of C1s peak as we previously distinguished on monolayer graphene, a 
relatively small but comparative broadness of C1s peak was observed after 6 days ambient 
exposure at r.t. In contrast, HOPG stored at low temperature showed a C1s peak similar to that 
from fresh surface, with a slight increase of FWHM by 0.003 eV, only 7 % of that occurs on r.t. 
aged surface. Note that although the changes are small, the FWHM are highly reproducible. 
Showing in Figure 3.3(a) inset are error bar derived using measurement from three different 
locations on the same sample surface. 
  
63 
 
 
 
 
Figure 3-3 (a) Carbon 1s and (b) Oxygen 1s XPS peak of freshly exfoliated HOPG samples right after 
exfoliation (black), after 6 days ambient exposure at room temperature (red) and at low temperature (blue), 
respectively. The inset shows the FWHM of C1s peak using measurements from three different locations 
on the same sample surface. Note that the black and blue curves in (a) almost completely overlap.  
 
 
          On the other hand, oxygen species on HOPG surface displayed a much remarkable change 
over different storage methods. We note that unlike C1s peak, which has contributions from both 
surface and sub-surface layers, O1s peak presumably comes from only the HOPG surface, without 
interference from the bulk. As is shown in Figure 3.3(b), fresh HOPG surface showed negligible 
O1s peak, further corroborating that the freshly cleaved surface is dominated by sp2 C-C species. 
Storage at r.t. resulted in a significant increase of oxygen peak, which is about 4 times higher than 
that observed on low temperature treated HOPG surface. Accordingly, we plotted the peak 
difference between these two aged samples (Figure 3.4(a-b)). The C1s peak clearly showed the 
64 
 
additional hydrocarbon species that primarily located at 286.6 eV with a shoulder peak at 288.7 
eV. Besides, the integrated peak area indicated an atomic ratio of C:O about 3:1, in well accordance 
with the known dominant hydrocarbon contaminants reported in our previous studies.157 We note 
that the O% measured by XPS only provide a lower bound of the surface oxygen species, as some 
of the adsorbed molecules is expected to desorb under UHV condition. Therefore, the peak area 
cannot be directly extrapolated to the surface coverage of hydrocarbon. In all, both the ATR-FTIR 
and XPS results suggest that the AHC accumulation level on HOPG surface can be efficiently 
minimized during low temperature storage.  
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Figure 3-4 XPS differential spectrum of (a) Carbon 1s and (b) Oxygen 1s regions between two HOPG 
samples, one stored at room temperature and the other at low temperature, both for 6 days.  
 
 
3.4.3   Long term preservation of surface wettability 
 
In addition, it is interesting to note that HOPG also shows a much slower WCA increase even after 
removal from low temperature environment. In one experiment, an exfoliated HOPG was 
pretreated at low temperature for 30 min, followed by a subsequent ambient exposure at r.t. when 
the WCA measurement started. As shown in Figure 3.5, the initial WCA was 64o right after 
removal from low temperature, which slowly increased to ca. 72o within 1 hour and eventually 
plateaued at ca. 85o after 20 hours air exposure. Also, we noted that although the kinetics of WCA 
evolution varies at different temperatures, however, the initial and final WCA on HOPG appear to 
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be independent of storage methods, indicating only a temporary role played by low temperature 
storage in effecting its surface wetting behavior. Besides, additional WCA measurement on aged 
HOPG surface before and after low temperature treatment showed similar high value (85 - 90o), 
excluding another competing mechanism that low temperature treatment may introduce additional 
defects on HOPG surface and thus contribute to the surface hydrophilicity. 
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Figure 3-5 Temporal evolution of the WCA on low temperature pretreated HOPG surface.  The sample was 
stored at -15oC for 30 minutes then removed from low temperature environment at time 0. It was kept at r.t. 
throughout the measurement.  
 
 
           The retarding of hydrocarbon adsorption on HOPG surface after low temperature treatment 
is further supported through spectroscopic ellipsometry, as shown in Figure 3.6(a). In one 
experiment, we conducted temporal monitoring on exfoliated HOPG surface exposed in ambient 
air at r.t. During the first 50 minutes of air exposure, a linear growth of adsorbed hydrocarbon 
layers occurred reaching a thickness about 0.55 nm, after which the rate of increase drastically 
slowed down and plateaued at 0.60 nm after 5 hours. Similar hydrocarbon adsorption kinetics have 
0 90 180 270 1200
60
70
80
 
 
W
C
A
 (
o
)
Time (min)
 after low temperature storage
68 
 
been observed in our previous studies.38  
          In another experiment, we stored freshly exfoliated HOPG in a cold glass petri dish for 10 
minutes and the local temperature was measured to be -10oC. The first ellipsometry data point was 
collected right after exfoliation of HOPG and the surface assumed to be free of hydrocarbon 
contamination. After 10 minute low temperature treatment, the glass petri dish was removed 
immediately and another ellipsometry measurement was conducted on the same location for 5 
hours. To analyze the data, we used a three-layer (HOPG/water/hydrocarbon) model (Figure 3.6(b)) 
in which both the thickness of water and hydrocarbon are determined by fitting.38 As shown in 
Figure 3.6(a), the low temperature treatment produced a water film of ca. 0.08 nm in thickness, 
indicative of a submonolayer to monolayer of water film on HOPG surface. The presence of such 
water film significantly inhibited the follow-up hydrocarbon adsorption rate by 83%, which 
reached a hydrocarbon thickness ca. 0.40 nm after 200 minute ambient exposure.  
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Figure 3-6 (a) Spectroscopic ellipsometry monitoring of hydrocarbon thickness on exfoliated HOPG 
surface exposed in ambient air with and without low temperature treatment, respectively. (b) The schematic 
model used for ellipsometric measurement of hydrocarbon adsorbed on low temperature treated HOPG 
surface. 
 
 
3.4.4   Role of water in AHC adsorption 
 
We hypothesized that the reduced hydrocarbon contamination is due to the increased adsorption 
of water on graphite at low temperature. To test this hypothesis, we performed two control 
experiments to probe the role played by water during ambient air exposure. In one experiment, 
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freshly exfoliated HOPG was pretreated at low temperature for 30 minutes, followed by storage in 
room temperature surrounded by anhydrous CaCl2. CaCl2 is a desiccant used to decrease the local 
vapor pressure of water. As shown in Figure 3.7(a), this sample showed an increase of WCA from 
65o to 80o within 90 minutes, in contrast to the much slower WCA increase when the sample was 
stored without desiccant but otherwise identical conditions (Figure 3.1(a)). This result suggests 
that less water on graphite may promote hydrocarbon adsorption. In another experiment, both 
freshly exfoliated and aged HOPG samples were placed in DI-water steam for 2 minutes before 
storage in air at r.t. The freshly exfoliated HOPG surface showed consistently lower WCA (65o – 
70o) compared to that on aged HOPG surface (88o – 95o) during the subsequent 2 hours air 
exposure (Figure 3.7(b)). On aged HOPG we observed similar high WCA (88o – 95o) before and 
after the steam treatment; this result shows that water in the environment, by itself, does not 
necessarily impact the wettability of graphite. Indeed, the effect of ambient humidity on wettability 
has been documented for a number of hydrocarbon-based materials, such as polyethylene 
terephthalate (PET), paraffin, etc. For all these surfaces, the increase of relative humidity (25% - 
100%) leads to a concurrent increase of WCA by only 2 - 5o,21 almost an order of magnitude 
smaller than the WCA change induced by hydrocarbon contamination. Collectively, these results 
suggest that the water adsorption on the fresh HOPG surface, but not on the aged and therefore 
hydrocarbon-covered HOPG surface, inhibits hydrocarbon adsorption.  
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Figure 3-7 Effect of water deposition on HOPG surface. (a) Temporal evolution of the WCA measured on 
low temperature pretreated HOPG surface. The sample was taken out of low temperature and surrounded 
by CaCl2 desiccant at time 0. (b) Temporal evolution of the WCA on freshly exfoliated (red) and aged (black) 
HOPG surface after 2 minutes steam treatment. 
 
 
      To further confirm our hypothesis that the water layer stays on HOPG surface for an 
extended period of time even at r.t., we conducted temporal ATR-FTIR experiments on freshly 
exfoliated HOPG that was stored at low temperature for 10 minutes. Unlike the data shown in 
Figure 3.2, in this experiment, after the low temperature treatment, the HOPG sample was left in 
air at r.t. throughout the entire experiment period. As shown in Figure 3.8(a), instead of a 
substantial decrease in water peak (3100 - 3800 cm-1) as one would expect for liquid phase water 
due to the desorption at r.t. (40% RH), the water film formed on graphitic surface only showed a 
slight increase during the 3 hours of ambient exposure, with a 15% monotonic increase of peak 
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intensity.  It is interesting that the main peak (center at 3250 cm-1) showed a red shift compared to 
normal liquid-like water (center at 3400 cm-1), suggesting an ice-like structure with a hydrogen 
bonding network.173 Considering that this ATR-FTIR experiment has been conducted at r.t. for 
several hours, such orderly structure is most likely stabilized by the strong H-bonding between 
chemisorbed water and HOPG surface.58, 174 Other minor peaks (center at 3650 cm-1 and 3740 cm-
1) refer to dissociated water monomers that imply a possible structural unit during the water 
adsorption process. For example, Wang et al. reported the IR spectra of a water hexamer, which 
shows a similar O-H stretching vibration at 3740 cm-1.175 More recently, a “square ice” structure 
has been observed between two graphene sheets, indicating another 2D ice structure on graphitic 
surface.99 These results indicate that the stable “ice-like” structure of the adsorbed water adlayers 
on HOPG is the key to significantly retarding hydrocarbon adsorption in air, even at room 
temperature.  
  
73 
 
 
 
 
 
Figure 3-8 (a) ATR-FTIR spectrum of a freshly exfoliated HOPG sample after low temperature treatment. 
The sample was removed from low temperature at time 0; (b) The integrated peak area versus time for the 
peak at 3250 cm-1 (-OH stretching). Note that the spectra are plotted in absorbance mode and vertically 
shifted for clarity. 
 
 
3.4.5   In-depth discussion 
 
The study of low temperature storage of fresh graphitic surface is motivated by both fundamental 
and applied considerations. Although the protective role of water on metallic surface has long been 
proposed,176 using this approach to protect graphitic surface from hydrocarbon contamination has 
not been discussed in the literature.  
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          In the perspective of technology, although we did not expect the hydrocarbon contaminants 
attribute to any identifiable structure due to their complexities in species, such low temperature 
treatment indeed shows a universal suitability for different graphitic surfaces. Besides, a further 
advantage of the water-based protection is that this technique potentially generates only water as 
waste product, which can be easily removed via low temperature thermal annealing, UHV, or 
desiccant without affecting other surface properties of graphene/graphite. In contrast, other 
techniques targeting hydrocarbon removal (e.g., high temperature thermal annealing, UV/O3, etc.) 
often introduce defects onto the graphene/graphite surface.157  
          In addition, low temperature storage is also considered to be more advantageous over other 
alternative methodologies (e.g., soaking in water) whereas graphitic surface is still covered with 
water. We note that direct soaking of fresh graphitic surface in liquid water will inevitably lead to 
secondary contamination since the solubility of typical hydrocarbons in water is still high in the 
context of surface contamination.83 For example, the Nanopure water purification system (Thermo 
Scientific), one of the most popular purification system used in research laboratories, produces 
purified water with a total organic carbon (TOC) level between 5 – 10 ppb, similar to that of the 
hydrocarbon in ambient air. The condensation of water at low temperature makes it possible to 
produce a clean water film on graphitic surface. Indeed, to ensure the cleanliness of the water 
droplets during the WCA measurements, previous work also applied a stainless steel cold finger 
that was mounted vertically on the target surface for water drop condensation under a certain 
humidity level.60 
          In addition to being technologically relevant, it is also fundamentally important to 
understand the competing adsorption of water and hydrocarbon on graphitic surface. Our data 
shows that covering the graphitic surface with a (sub)monolayer of water can substantially reduce 
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the rate of hydrocarbon adsorption. The formation of this water monolayer requires a high relative 
humidity environment (e.g., by lowering the temperature or using steam); surprisingly, once 
formed, the water monolayer persisted in low relative humidity environments (20-40%) for at least 
2 hours.    
          Our ATR-FTIR data indicates that little water was adsorbed on HOPG when the sample was 
only exposed to lab air at room temperature (Figure 3.2(a)). As such, one would expect that the 
adsorbed water rapidly desorbs once the HOPG sample is removed from the low temperature 
environment. Surprisingly, this is not the case. According to our measurement (Figure 3.8(a)), the 
peak at 3250 cm-1, which corresponds to surface adsorbed water, did not show any significant 
change in peak shape or intensity, indicating a relatively stable structure within at least a few hours. 
We speculate that there is a significant hysteresis in the formation and desorption of the 2D ice 
structure: such structure is thermodynamically unstable at r.t. and ca. 40% R.H.; however, once a 
full monolayer forms, the water molecules within the 2D ice structure are stabilized by multiple 
hydrogen bonds and therefore exhibits a high kinetic barrier for the desorption process.  
 
3.4.6   Mechanism of reduced AHC adsorption.  
 
We attribute the inhibition of the hydrocarbon adsorption on graphitic surface to water adlayers. 
During the low temperature storage, a much thicker water film consisting of both physisorbed and 
chemisorbed water molecules are expected to form on fresh graphitic surface. We also noted that 
a 5 nm thick water film has been reported on HOPG surface where it was exposed to ambient air 
at >90% relative humidity.177-178  The presence of such water film on graphitic surface may 
significantly increase the van der Waals (vdW) interaction distance between hydrocarbon and 
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graphitic surface. The adsorption of hydrocarbon molecule on ice greatly depends on its partial 
pressure and the density of free surface -OH groups.179 For a thermodynamically stable ice phase, 
it has been observed that the saturated coverage is within submonolayer to monolayer regime for 
a wide variety of small organic molecules (C2-C6 n-alcohols, acetone, acetic acid, etc.) between 
200 – 240 K;180-181 the surface coverage further decreases for hydrocarbons with longer alkyl 
chains or aromatic groups due to the lower vapor pressure and water solubility.182-183 In all, the 
existence of an ice-like water film on graphitic surface will result in a drastic decrease of the overall 
hydrocarbon adsorption rate. 
           At much longer time scales, airborne hydrocarbons gradually replace the adsorbed water on 
the surface. This is expected because some of the airborne hydrocarbons may have much higher 
molecular weight than water and therefore their interaction with the surface is stronger than water. 
In addition, a large hydrocarbon molecule could displace several water molecules, resulting in a 
positive change of entropy. It has been reported by Hayashi et al.184 that small molecules with low 
boiling point initially rapidly adsorb on the wafer surface. However, as the exposure time increases, 
the original surface adsorbate will be gradually replaced by competing adsorbate with much higher 
molecular weight and/or boiling point, an effect termed “fruit-basket phenomenon”. Considering 
that airborne hydrocarbons have a higher boiling point than water, it is expected that the adsorbed 
water layer would eventually be replaced by airborne hydrocarbon. However, the existence of the 
adsorbed water layers significantly slows down the rate of this process, by a factor of ca. 4 – 6, 
according to our ellipsometry experiments.  
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3.5      CONCLUSION 
 
Our study showed that storing freshly prepared graphitic surface at low temperature can greatly 
minimize hydrocarbon contamination and thus preserve its intrinsic wetting behavior. 
Ellipsometry and ATR-FTIR data indicates that a nanometer thick water film formed on the 
graphitic surface during the low temperature treatment. This thin water film remains a stable 
structure after a few hours of air exposure at room temperature and plays a vital role in slowing 
down the subsequent hydrocarbon adsorption. This new method offers a convenient solution to 
minimize hydrocarbon contaminants and may be useful in the surface modification of graphene 
and related device fabrication.  
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4.0       ENHANCED ROOM TEMPERATURE CORROSION OF COPPER IN THE 
PRESENCE OF GRAPHENE 
 
 
 
4.1      CHAPTER PREFACE 
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4.2      INTRODUCTION 
 
Graphene has captured great interests from engineers for one of the most effective and thinnest 
protective layer against atmospheric corrosions.68, 71, 73-78 Such anti-corrosion performance of 
graphene film is intimately related not only to the protection of microscale devices, but also to the 
“bottleneck” of industrial anticorrosion for all the steel-based constructions and transportations. 
From previous investigations, the protection behavior of graphene can be understood by its unique 
physical and chemical properties. That is, such two-dimensional monolayer structure can form a 
physical separation barrier on substrate surface, preventing further directing interaction between 
protected metal and ambient oxygen. For example, Ruoff, Park, and coworkers first reported that 
a chemical vapor deposition (CVD) grown graphene can effectively protect Cu and Cu/Ni alloys 
from thermal oxidation in air at 200°C for 4 hours and wet oxidation by 30% H2O2 within 2 min.71 
In a closely related study, Nayak et al. reported similar anti-corrosion effect of CVD-grown multi-
layer graphene for the thermal (500°C for 3 hrs) and wet chemical (31% H2O2, 2 hrs) oxidation of 
Ni.69 
          Generally speaking, the oxidation kinetics of graphene coated surface is dominated by two 
factors, that is, the diffusion rate of oxidation agents (e.g., O2 and H2O2) and their reaction with 
the metal. Among the aforementioned literature, we noted that the anti-corrosion behavior of 
graphene were mostly observed under very harsh conditions (e.g., 300oC and H2O2 treatment) over 
a relatively short time scale, typically several minutes to several hours. Under these conditions, 
the diffusion of oxidation agents (e.g., O2 and H2O2) is expected to be the rate-limiting step of the 
overall corrosion process.1-4 
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          Our study of graphene over a long-term oxidation process is motivated by both practical and 
fundamental considerations. For example, many technologically relevant corrosion processes (e.g., 
steel corrosion) occur at room temperature but over a relatively long time scale, from months to 
years. Under such conditions, the overall corrosion kinetics could be dominated by the reaction 
between the metal and the oxidation agent; as a result, the slower diffusion of oxidation agent 
through an anti-corrosion coating may not help to slow down the overall corrosion process. More 
importantly, electrochemical oxidation plays a significant role for the low temperature corrosion 
of metals. It is very well established that the presence of impurities, including graphitic materials, 
on metal surface could enhance its galvanic corrosion by serving as an electrode for oxygen 
reduction.185-187 Given these considerations, it is not clear if graphene can serve as an effective 
anti-corrosion coating for the long-term protection of metals.  
          In this work, we show that a CVD-grown graphene coating accelerates the room 
temperature, long-term oxidation of copper. By using a combination of Raman spectroscopy, XPS, 
and energy-dispersive X-ray spectroscopy (EDX), we show that copper is oxidized faster in the 
presence of a graphene coating than in its absence. Furthermore, the oxidation is not spatially 
homogenous; instead, it occurs in micron-sized domains surrounded by areas having minimal 
oxidation. Our observation suggests that graphene promotes electrochemical corrosion of copper 
at room temperature.  
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4.3      EXPERIMENTAL SECTION 
 
4.3.1   Optical Microscopy  
 
Optical microscope imaging of the copper surface was conducted using a Olympus BH2-UMA in 
reflectance mode with a Moticam 2000 2.0M Pixel camera or a Nikon Eclipse Ti – U in reflectance 
mode with an Ample Scientific 3.0M Pixel camera. 
 
4.3.2   EDX 
 
A Philips XL-30 SEM was used to carry out EDX analysis of aged copper/graphene and annealed 
copper samples to provide oxygen ratio under the same condition. EDX was performed with an 
acceleration voltage of 10 kV and a working distance of 10 mm.  
A JOEL JSM6510LV SEM was used for imaging and EDX analysis shown in Figure 4.4(a). 
EDX was performed with an acceleration voltage of 20 kV and a working distance of 10 mm. 
  
Note:  
Synthesis of single-layer graphene on copper foil: see experimental details in 2.3.1 
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Annealed copper foil (without graphene coating):  this sample was prepared by subjecting a copper 
foil to the same condition above except no CH4 gas flow was introduced 
 
 
4.4      RESULTS AND DISCUSSION 
In our experiment, we studied the oxidation of copper in two types of samples over a timeframe 
of 6 months: a single layer graphene coated copper foil (graphene/copper sample or graphene-
coated sample) and a H2-annealed copper foil (annealed copper sample or uncoated sample). 
 
4.4.1   Short term anti-corrosion effect of graphene. 
 
Anti-corrosion effect of graphene by heating copper/graphene in ambient air at high temperature 
was reported in literature.67 To study the short-term effect, we repeated this experiment by heating 
bare Cu foil and copper/graphene in air under 250oC for 20min. Figure 4.1 shows the OM images 
of both bare Cu and copper/graphene after thermal annealing, respectively. Annealing of bare Cu 
led to a loss of its metallic luster and a drastic color change to grey and black, which was attributed 
to the formation of oxides on its surface.71 In contrast, copper/graphene sample following the same 
procedure was not severely oxidized, still showing similar metallic luster as bare Cu foil. Such 
observations verify prior experimental results and demonstrated that graphene coating can 
effectively prevent atmospheric oxidation at high temperature over a short term.  
  
83 
 
 
 
 
Figure 4-1 Photograph of (left) a copper/graphene sample and (right) an as-received copper foil after heating 
both in air at 250oC for 20 min. The scale bar represents 1 cm. 
 
 
4.4.2   Long term anti-corrosion effect of graphene 
 
During the long term atmospheric oxidation process at room temperature (ca. 21oC), we exposed 
both bare copper foil and copper/graphene film in ambient air for up to 6 months. To investigate 
its surface morphology change, we conducted the same OM comparison between copper and 
copper/graphene samples. For bare copper sample, copper foil was firstly thermal annealed in H2 
under 1000oC for 30 min to get rid of possible contaminations. As shown in Figure 4.2(a) and (d), 
both freshly prepared copper and copper/graphene samples (<1 day) showed a homogeneous 
yellow color under an optical microscope, suggesting a characteristic copper cluster color without 
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any visible CuO/Cu2O induced by oxidation.  
    After 6 months of ambient exposure, the annealed copper showed almost no color contrast to 
the naked eye and the surface morphology change was hardly distinguishable under optical 
microscope. Under a high resolution optical image (Figure 4.2(f)), only small patches of red area 
can be observed and many millimeter sized patches in deep-brown color covering almost the whole 
copper surface. In contrast, the copper/graphene sample developed many millimeter sized patches 
in deep-brown, red, or yellow colors (Figure 4.2(b) inset). Under the magnified optical microscope 
(Figure 4.2(c)), most (~ 90%) of these patches appeared to be red when recorded on a digital 
camera; a small percentage (~10%) of the patches appeared to be yellow. It is noted that the color 
contrast on copper surface is indicative of different oxidation status of copper, i.e., patches with 
deeper color probably has higher density of Cu oxide. In this regard, copper was oxidized faster at 
room temperature in the presence of graphene than in its absence. 
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Figure 4-2 Optical micrographs of (a) an as-prepared copper/graphene sample, (b) a 6-month-aged 
copper/graphene sample, (d) an as-prepared annealed Cu foil, and (e) a 6-month-aged annealed Cu foil. (c) 
and (f) are magnified optical images of the dashed area in (b) and (e), respectively. Inset in (a), (b), (d), and 
(e) show the photograph of the respective samples. Scale bars in the insets represent 1 cm.  
 
 
4.4.3   Quantification of oxidation degree  
 
To quantify the degree of oxidation of the two 6-month aged samples, we carried out XPS, Raman 
and EDX analysis on both samples. The result confirms that graphene-coated sample indeed 
underwent more severe oxidation than the non-coated one. 
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    XPS tests were conducted on both annealed copper foil and copper/graphene sample surface, 
respectively. Figure 4.3 shows the XPS spectra over the binding energy range 920-980 eV of 
thermal annealed copper and copper/graphene sample. Differentiation between CuO and Cu/Cu2O 
is usually recognized by two strong shake-up satellites at ~ 6 and 8 eV higher binding energy than 
principal Cu 2p 3/2 and 2p 1/2 peaks.188 After 6 months exposure in ambient air, annealed copper 
exhibiting broader 2p 3/2 peak (933.6 eV) and 2p 1/2 peak (953.2 eV) together with intense satellite 
peaks at 943.2 and 961.2 eV indicated the formation of CuO on Cu surface. The absence of shake-
up satellites on aged copper/graphene sample excluded the existence of CuO as oxidative product 
on copper/graphene surface. Further analysis by peak deconvolution showed that the atom% of 
Cu(II) on the surface was 6% on the 6-month-aged coated copper foil and 37% for the uncoated 
one. Although XPS allows quantitative characterization of CuO and indicates a higher density of 
CuO on aged copper surface, such XPS results cannot provide unambiguous conclusion that 
annealed copper undergoes more severe oxidation in ambient air.188-193 Firstly, the amount of Cu2O 
(I), another oxidative product during ambient corrosion, can hardly be distinguished by XPS due 
to the similar chemical shift in Cu (2p) lines between Cu (0) and Cu (I) at 932.5 eV BE. 189 It has 
been reported that exposure of copper surface to oxygen at 300 K for 30 min results in a thin layer 
of Cu2O as the main oxidative product.194 Furthermore, with detecting depth limited to ~ 10 nm, 
XPS characterization does not always represent the full range of oxidation on Cu surface. 
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Figure 4-3 Normalized XPS spectra of fresh and 6-month-aged copper foil with and without graphene 
coating. Note: the spectra of two fresh samples (red and black curves) overlap. 
 
 
          To quantify the degree of oxidation of the two 6-month aged samples, we carried out EDX 
and Raman analysis on both samples. The result confirmed that graphene-coated sample indeed 
underwent more severe oxidation than the non-coated one. In the case of EDX analysis, we 
collected EDX spectrum from the red-colored regions of a 6-month-aged copper/graphene and the 
yellow-colored region of 6-month-aged annealed Cu sample. As shown in Figure 4.4(a), the 
average O : Cu atom ratio, obtained from several of such spectra, were 1 : 17 and 1 : 13 for aged 
annealed Cu and aged graphene/copper sample, respectively. Note that EDX probes ca. 1 µm thick 
of sample within the surface.195 Therefore, it can probe both copper oxides on the surface and the 
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underneath Cu unless the thickness of oxide layer is significantly larger than 1 µm. 
    The Raman spectra of Cu2O and CuO are significantly different in terms of Raman shift and 
allow quantitative characterization of both components. Given that the peak intensity is in 
proportion to the density of copper oxide, the relative density of CuO and Cu2O can thus be 
determined by ratioing peak intensities at two different Raman shifts.192, 196-198 However, there is 
considerable variation in the literature of the Raman shift quoted for CuO and Cu2O which makes 
the comparison with a standard literature value is difficult. To account for this, we thermal annealed 
bare copper foil at 200oC for 1h and then took Raman on this sample as reference. As shown in 
Figure 4.4(b), for bare copper after thermal annealing, 3 major peaks are observed in the range of 
200 – 800 cm-1, attributed to the formation of Cu2O (210, 640 cm-1) and CuO (300 cm-1), 
respectively. In this respect, it is interesting to note that aged copper/graphene displayed strong 
Cu2O peaks around 210 and 640 cm-1. The broadened peak centered at 620 cm-1 showed signs of 
several Cu2O-related sub-peaks (550, 618, 624 cm-1).192 In contrast, the Raman spectra of thermal 
annealed copper in the range of 200 – 800 cm-1 was barely detectable, indicating much less copper 
oxide producing during ambient corrosion. To quantify the oxidation degree based on Raman peak 
intensity, one can estimate the relative ratio of copper oxide between annealed copper and 
copper/graphene after 6 months ambient corrosion is 1:40. This verified prior OM results, which 
showed copper/graphene undergoes more intensive oxidation than bare copper after 2 weeks 
exposure in ambient air. 
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Figure 4-4 (a) Typical EDX spectra of 6-months-aged copper/graphene (black) and 6-months-aged annealed 
copper (red) from 0.3 to 1.1 keV. Note that the spectra from 0.3 to 0.7 keV of both samples have been 
magnified by 30 times. (b) Typical Raman spectra of Cu foil annealed at 220oC for 15 min, 6-months-aged 
copper/graphene (black) and annealed copper (red) from 200 to 800 cm-1. Note that the spectrum of 
annealed copper has been magnified by 30 times. For both a) and b), the data were taken from red-colored 
area (90% of the surface) for graphene/copper sample and from yellow-colored area (99% of the surface) 
for annealed copper sample.  
 
 
4.4.4   Effect of graphene defect and water  
 
To explain the enhanced oxidation behavior of graphene covered copper surface, we discussed the 
effect of defect sites, oxygen and water during the ambient oxidation process.  
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Quality of graphene. We observed that the graphene film developed significant defects after 6 
months of storage in air at room temperature. Shown in Figure 4.5(a), the copper/graphene sample 
exhibited negligible defect peak when freshly prepared. However, the Raman spectrum of the 6-
month-aged sample showed a strong D peak, with an ID/IG ratio of 1.3. Although the formation of 
D peak indicates a moderate to severe damage on graphene surface during the 6 months ambient 
oxidation, however, it cannot be conversely concluded that the defect sites also promote the 
oxidation of underlying copper substrate. In fact, spectra collected from both red and yellow 
regions (Figure 4.5(b)) showed similar ID/IG ratio, suggesting that there is lack of direct correlation 
between graphene defect sites and copper oxidation degree. This fact suggests that atomic level 
defects in graphene, although could lead to enhanced oxidation of underlying copper substrate at 
high temperature,77 may not necessarily do so at low temperature. 
          Another interesting observation was that the absolute Raman peak intensity of the yellow 
region is substantially lower than that of the red region, in some cases by a factor of almost 20. 
This difference in Raman intensity can be explained by the difference in oxide thickness in the two 
regions: in the absence of a thick oxide layer, the graphene film is in close contact with copper 
metal; as a result the graphene will experience a much reduced electric field of the incident laser 
beam and give a weak Raman response.199     
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Figure 4-5 (a) Raman spectra (1200 – 1800 cm-1) of copper/graphene samples at different air-exposure 
times: freshly prepared, 20 days exposure, and 6 months exposure. For 6-month-aged sample, the spectra 
were taken on both yellow and red regions; the intensity of these two spectra has been scaled by a factor of 
1/2 (yellow region) or 1/40 (red region). (b) ID/IG ratio of spectra in (a). 
 
 
          Although the defect of graphene does not dominate the oxidation of copper during oxidation, 
conversely, the oxidation of copper strongly promotes the mechanical breakage of surface covered 
graphene film. In our experiment, we found that graphene developed significant mechanical 
damage in areas having severe Cu oxidation. Shown in Figure 4.6, we transferred the graphene 
from a 6-month aged copper/graphene sample to a silicon wafer using PMMA as the transferring 
agent. The PMMA was then removed by a thermal annealing at 410 °C under low-pressure (~ 50 
mTorr) for 1 hour. The optical micrographs showed that the graphene covering the severely 
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oxidized copper (red region) broke into micron sized patches. In contrast, the graphene covering 
the less oxidized copper (yellow region) remained as a continuous film. The breakage of graphene 
can also be confirmed by Raman since graphene on the non-breakage area shows ca. 20 times 
stronger Raman peak intensity compared to that on breakage area (Figure 4.6(c-d)). 
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Figure 4-6 Optical micrograph of the same area of (a) a 6-months-aged copper/graphene sample and (b) 
after transferring the graphene to a silicon wafer. (c) Higher magnification image showing the breakage of 
graphene in the areas having severe Cu oxidation while no such breakage was observed in areas having 
minimal Cu oxidation. (d) Raman spectrum taken from the two areas of graphene shown in (c).  
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Water effect We also investigate the effect of humidity on the oxidation of graphene coated surface. 
As we mentioned above, the diffusion rate of oxygen on copper surface is on longer the dominant 
factor that determines the overall oxidation rate. Instead, the reaction between oxygen and copper 
is the rate determining step. Given that the relative humidity in our lab ranges from 40-60%, it is 
highly possible that water might assist the oxidation of copper during ambient exposure.  
          To study the effect of water, we compared the oxidation of three pieces of copper with 
(without) graphene coated, respectively. As shown in Figure 4.7, a copper/graphene sample stored 
in a closed vial inside a desiccator for 1 year showed less oxidation than a similar sample stored 
in air for 6 months. This observation is consistent with the well-known notion that reduced 
exposure to ambient moisture and salt aerosol slows down the electrochemical corrosion 
process.200  
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Figure 4-7 From left to right: a 6-months-aged annealed copper sample, a 6-months-aged copper/graphene 
sample, and a copper/graphene sample stored in a closed vial inside a desiccator for 1 year followed by 3 
weeks of exposure in ambient air. 
 
 
4.4.5   Proposed mechanism of corrosion-promotion effect of graphene  
 
We attribute the corrosion-promotion effect of graphene to its high electrical conductivity. To 
understand this effect, we consider the following three key steps during the electrochemical 
corrosion of copper on a model surface that consists of a metallic copper substrate and a thin layer 
of native Cu2O (Figure 4.8):  
(1) Electrochemical oxidation of Cu0 to Cu+. This process occurs at the Cu/Cu2O interface. The 
oxidation produces a free electron and a Cu+ ion that diffuses into the Cu2O lattice.   
96 
 
(2) Migration of Cu+ and charge from Cu/Cu2O interface to Cu2O/air interface. The electron and 
Cu+ generated in step (1) diffuse through the Cu2O film to the Cu2O/ air interface, driven by the 
charge and ion gradient within the oxide film. It was suggested that the charge and ion migration 
occurred though hole transfer and cation vacancy diffusion, respectively.201 
(3) Electrochemical reduction of O2. This process occurs at the Cu2O/air or Cu2O/graphene/air 
interface. The reduction of O2 requires a reducing agent and produces O
2- as the product. The 
electrochemically generated O2- then incorporates into the Cu2O lattice and combines with the 
incoming Cu+ ion to form Cu2O. A reducing agent, either free electron or Cu
+, is required for the 
reduction of O2.  
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Figure 4-8 Electrochemical oxidation of copper in the (a) absence and (b) presence of a graphene film.  
 
 
      In the absence of a graphene coating, the electrons generated in step (1) need to migrate 
through the Cu2O film to the Cu2O/air interface. Cu2O is a semiconductor with a band gap of ca. 
2.0 eV202 and its resistivity can be as high as 1013 Ω·m.203 The fact that there was significant 
concentration (37% by atom%) of Cu2+ on the surface of 6-month-aged uncoated copper sample 
indicates that electrochemical reduction of O2 was to some degree accompanied by the oxidation 
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of Cu+ to Cu2+, implying that the charge migration of step (2) is slow relative to the electrochemical 
reduction of O2.  
      In the presence of a graphene coating, the electrons generated in step (1) could be rapidly 
transported to the Cu2O/graphene/air interface for O2 reduction. In this case, O2 likely diffuses 
through the cracks and defects in graphene to the Cu2O surface. Because the overall copper 
oxidation is spatially inhomogeneous, as long as there is still some local electrical contact between 
graphene and copper, electrons can easily migrate from copper to graphene, therefore enhancing 
the corrosion. Consistent with our proposed mechanism, we note that the surface concentration 
(6%) of Cu2+ on the aged graphene-coated copper is much lower than that of the aged copper foil. 
This observation is consistent with the improved availability of free electrons for O2 reduction in 
the presence of graphene.  
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4.5      CONCLUSION 
 
Our study confirmed that graphene is a corrosion protector for short term oxidation under 
aggressive chemical environments. However, graphene also promotes the long-term, room 
temperature oxidation of copper. The corrosion enhancement effect of graphene is attributed to its 
conductive nature, which enhances the electrochemical corrosion process. Our study calls for a 
clear understanding of the mechanism of metal corrosion in the presence of graphene in order to 
enhance its long-term performance as an atomically-thin anti-corrosion coating.  
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5.0       COPPER SUBSTRATE AS A CATALYST FOR THE OXIDATION OF 
CHEMICAL VAPOR DEPOSITION GROWN GRAPHENE 
 
 
5.1      CHAPTER PREFACE 
 
Materials contained in this chapter were published as a research article in Journal of Solid State Chemistry; 
figures used in this chapter have been reprinted with permission from: Journal of Solid State Chemistry 
2014, 224, 14-20 (listed as reference 204 in bibliography section). Copyright 2014 © Elsevier.204 
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5.2      INTRODUCTION 
 
The copper-catalyzed CVD growth of graphene is considered to be most advantageous in terms of 
high quality, controlled thickness, easy transferability and low cost.125-128 Given its importance, a 
complete understanding of the interaction between graphene and the underlying copper substrate 
is highly desirable for both fundamental and applicable considerations.23, 205 Among the many 
aspects of copper-graphene interaction studies, a substantial portion was devoted to understand the 
effect of copper surface during the CVD growth of single layer graphene. However, investigations 
on the post-storage of as-prepared copper/graphene samples have lagged behind, mainly due to the 
fact that graphene grown on copper are mostly defect-free with much strong oxidation resistance 
even at high temperature. In this regard, simply storing copper/graphene samples in ambient 
oxygen has not been previously considered to affect the follow-up characterization and fabrication 
process, whereas this empirical behavior has never been experimentally confirmed. 
          Although the activation energy barrier for graphene-oxygen reaction is proved to be very 
high both experimentally and theoretically, one essential factor may not be ignored in this case: 
the underlying copper substrate may facilitate the oxidative reaction occurring on graphene 
surface.206-209 In fact, several investigations have been carried out into the copper-catalyzed 
oxidation of graphite since 1970s. For example, McKee et al. reported that both the ignition 
temperature and activation energy for graphite-oxygen reaction decreased from 740oC (54 
kcal/mol) to 600oC (34 kcal/mol) with very small addition of Cu (<0.3 wt.%).208 In their 
experiments, a copper salt solution was used as the metal source, which produced copper oxide 
particles 1 - 5 m in size during the catalytic oxidation process. These particles moved rapidly 
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above 600oC and cut channels on the graphite surface by reacting with graphite: 
 
These studies suggested that the underlying copper substrate may facilitate the oxidation of 
graphene surface. However, to the best of our knowledge, the copper catalyzed oxidation of 
graphene has not been systematically investigated.  
          Compared to the copper-catalyzed oxidation of graphite, the copper foil supported graphene 
is quite different in many ways. On one hand, all carbon atoms on graphene surface are in direct 
contact with the underlying copper substrate, which could result in a significant enhancement of 
the catalytic efficiency. On the other hand, unlike graphite surface, which has substantial amount 
of step edges acting as reactive center,206 graphene grown on a copper foil is mostly defect-free 
without almost no step edge. In addition, the fact that graphene covers the copper substrate may 
suggest the absence of any catalytic effect of copper. Given these considerations, it is difficult to 
predict whether the graphene-oxygen reaction can be enhanced by the underlying copper substrate. 
      Herein, we report our studies on the effect of copper substrate during the thermal annealing 
of copper/graphene sample in high purity Ar having tracing amount of O2. Graphene on copper 
substrate undergoes a complete oxidation at 600oC within 2 hours in the presence of < 3 ppm of 
O2. The reaction was characterized by Raman, X-ray photoelectron spectroscopy XPS, and Auger 
electron spectroscopy (AES). Our results suggest that ambient oxygen can diffuse into the 
interlayer of copper/graphene upon air exposure, resulting in the formation of copper oxide which 
catalyzes the graphene-oxygen reaction at high temperature.  
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5.3      EXPERIMENTAL SECTION 
 
5.3.1   Thermal annealing of copper/graphene sample.  
 
After CVD synthesis, a copper/graphene sample was taken out of tube furnace and exposed in air 
for 5 hours. The sample was then put back to the tube furnace under Ar (99.999%) flow at a flow 
rate of 1.5 L/min for 30 min to ensure removal of air in the chamber. The sample was then annealed 
at 600oC in Ar for 2 hours, followed by a fast cooling process to room temperature before taken 
out of the chamber. 
5.3.2   AES.  
AES was performed on a Perkin Elmer 10-155 cylindrical Auger electron optics in the same UHV 
chamber as XPS, operated with an electron multiplier supply under 2-kV-mode. The spectra were 
collected using the same HSA with a bandpass of 50 eV for multiple scans (0.5 eV/step).  
 
Note: 
Synthesis of single-layer graphene on copper foil:  see experimental details in 2.3.1 
Synthesis of multi-layer graphene on Ni foil: see experimental details in 2.3.2 
Graphene transferred onto different substrates.: see experimental details in 2.3.3 
Optical Microscopy: see experimental details in 4.3.1 
Raman Spectroscopy: see experimental details in 2.3.7 
XPS: see experimental details in 2.3.6   
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5.4      RESULTS AND DISCUSSION 
 
 
 
Figure 5-1 Optical micrographs of copper/graphene sample (a) before and (b) after thermal annealing in Ar 
under 600oC for 2 hours. (c) and (d) are optical images of graphene after it was transferred onto a SiO2/Si 
substrate from (a) and (b), respectively. The arrow indicates a pinhole. (e) and (f) are typical Raman spectra 
taken on copper/graphene before (black) and after (red) thermal annealing. 
 
 
 
105 
 
5.4.1   Oxidation of copper-supported graphene 
  
We firstly demonstrated that in the presence of trace amount of O2, copper can act as an extremely 
active catalyst during the graphene-oxygen reaction above 600oC. In a typical experiment, we 
exposed a freshly prepared copper/graphene sample to air at room temperature for several hours 
and then annealed it in an Ar (99.999% purity, O2 < 3 ppm, H2O < 5 ppm) atmosphere at 600oC 
for 2 hours.  
          Figure 5.1(a) and (b) show the optical images of the same piece of copper/graphene sample 
before and after the thermal annealing. Both surfaces appeared to be bright yellow without 
pronounced color variation to the naked eye, indicating no extensive oxidation occurred on the 
copper surface after thermal annealing. The absence of extensive copper oxidation is further 
supported by micro-Raman spectroscopy, which has a detection limit of a few tens of 
nanometers.210-211 As shown in Figure 5.1(e), Raman spectra were collected on the 
copper/graphene sample surface before (black) and after (red) the annealing. Neither Cu2O (214 
and 613 cm-1) nor CuO (300 cm-1) peak could be observed after the annealing.212-213 However, it 
should be noted that the Raman intensity of a native metallic oxide could be weakened due to 
surface selection rule.199 In this regard, the formation of native Cu2O or CuO cannot be excluded 
from Raman spectroscopy results (see below).  
          In contrast to the negligible oxidation on copper, graphene demonstrated severe damage 
after thermal annealing in Ar atmosphere with trace amount of oxygen (< 3 ppm). Because 
graphene grown on copper surface could not be directly visualized under optical microscope, we 
transferred graphene film onto silicon substrate after thermal annealing. Shown in Figure 5.1(c) 
and (d) are the optical images of transferred graphene film before and after annealing, respectively. 
An area of 1 cm x 1 cm has been surveyed to give an overall single layer graphene coverage of > 
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99% before thermal annealing. The surface coverage of graphene decreased to < 5% after 2 hours 
of annealing in the Ar atmosphere. Further inspection using micro-Raman spectroscopy is shown 
in Figure 5.1(f). Before the thermal annealing, the D peak (1360 cm-1) was barely detectable, 
indicating the presence of high quality graphene with very low defect density. The ratio of 2D peak 
(2680 cm-1) intensity to G peak (1580 cm-1) intensity (I2D/IG) was 3.6, consistent with previously 
reported data for single layer graphene.126 After 2 hours thermal annealing in Ar, all Raman peaks 
showed significant intensity decrease, reaffirming the oxidative removal of graphene. Additionally, 
the broadening of G peak width after annealing suggested that the sp2 graphene structure degraded 
into more disordered amorphous C-C structure.214-215 Overall, both the Raman spectra and the 
optical micrographs indicate that a copper-supported graphene was severely oxidized the presence 
of < 3 ppm of O2 at 600oC.  
          It is noted that the room temperature air exposure before the high temperature treatment 
plays an important role in the oxidation of graphene. If the graphene/copper sample was subject to 
thermal annealing in Ar right after the synthesis and without any air exposure, it will take much 
longer time (> 4 hours) and higher temperature (> 700oC) to achieve a similar degree of oxidation 
(see below). This observation suggests that the residue oxygen (< 3 ppm) in the Ar contributes to 
the oxidation of graphene.  
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Figure 5-2 Raman spectra of graphene grown on (a) copper and (c) nickel, transferred onto (b) copper 
coated SiO2/Si and (d) SiO2/Si substrate before (black) and after (red) thermal annealing in Ar at 600oC for 
2 hours, the integration time are 30 min for (a) and 1 min for (b), (c), and (d). Note: the small sharp peak 
around 2330 cm-1 in figure 2a is due to N2 in air. 
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5.4.2   Catalytic effect of the copper substrate 
 
Given that only a monolayer of graphene covered on copper surface, simply thermal annealing 
copper/graphene sample with oxygen gas in ppm level does not provide unambiguous conclusion 
that copper catalyzed the oxidation of graphene. In fact, during the 2 hours thermal annealing in 
Ar flow (1.5 L/min) at 600oC, ~2.41 x 10-5 mol oxygen molecules will flow into the tube furnace 
compared to only ~1.72 x 10-9 mol carbon atoms located on 1 x 1 cm copper surface. Thus it is 
still possible that graphene has been directly reacted with ambient oxygen molecules in a non-
catalytic process. 
          In order to confirm the catalytic behavior of copper in graphene-oxygen reaction above 
600oC, we conducted three additional control experiments to probe the role played by the substrate 
during the oxidation of graphene. We transferred CVD-grown single layer graphene onto silicon 
and copper coated silicon substrates, respectively. In addition, we prepared a multi-layer graphene 
sample grown on a Ni foil. All the three samples along with a copper/graphene sample were 
annealed in an Ar atmosphere at 600oC for 2 hours. Raman spectra were taken on each sample 
before (black) and after (red) thermal annealing. As shown in Figure 5.2(a) and (b), both copper 
supported graphene samples showed a complete disappearance of G peak and 2D peak right after 
thermal annealing, indicating a drastic oxidative degradation of graphene on both copper surfaces. 
The small/sharp peak around 2350 cm-1 in Figure 5.2(a) attributed to N2 molecule vibration in air. 
In contrast, graphene on Ni and silicon substrates still showed clear Raman characteristic peaks 
after annealing, with only slight blue shift of G peak position and decrease of 2D/G peak intensity 
ratio which we attribute to doping induced by the underlying substrates and/or adsorbed oxygen.109, 
216-219 The broadening of D peak and G peak region in Figure 5.2(d) is attributed to the 
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carbonization of airborne hydrocarbons during high temperature annealing.220 Collectively, the 
substrate effect showed clear evidence that the underlying copper plays an active role in promoting 
the graphene-oxygen reactions in trace amount of oxygen at 600oC.  
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Figure 5-3 (a)-(c) Optical micrographs of graphene transferred onto SiO2/Si substrate. Before transferring, 
copper/graphene sample has been thermal annealed for (a) 0 min, (b) 1 hour, (c) 2 hours in Ar at 600oC. 
The arrow in (a) indicates a pinhole. (d) is a magnified optical image of the dashed area in (b). The image 
contrast and color was adjusted to enhance the visibility of graphene and pin holes. The remaining graphene 
in (b) is in greenish-yellow color. The lines in (b) and (c) were due to PMMA residues. 
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5.4.3   Surface morphology of graphene during oxidation 
 
To investigate the surface morphology evolution of graphene during the oxidation process, we 
performed the thermal annealing of copper/graphene samples over 0 min, 1 hour and 2 hours, 
respectively. After annealing, graphene was transferred onto a silicon substrate for optical 
microscopy characterization. As shown in Figure 5.3(a), before thermal annealing, the surface 
coverage of graphene was estimated to be over 95% with several micro-sized pinholes due to the 
physical damage during the transferring process. Annealing at 600oC for 1 hour resulted in the 
reduction of surface coverage of graphene film to < 40% (Figure 5.3(b)); after 2 hours of annealing, 
the graphene film completely disappeared leaving only PMMA residues (Figure 5.3(c)).  
          According to previous studies, cupric oxide (CuO) is the active compound that catalyzes the 
oxidation of graphite in the 400o - 700oC temperature range.208 The catalytic cycle involves two 
reactions:  
(i) O2 molecules diffuse to copper surface to produce cupric oxide: 
 
(ii) CuO is reduced to metallic copper at the copper-graphite interface: 
 
          We noted that once the oxidative etching on graphene gets started as shown in Figure 5.3(d), 
the graphene film developed island-like structures whose boundaries coincide with that of the 
underlying copper grains. This is indicative of the preferential catalytic sites in the initial stage of 
graphene oxidation.  As the thermal annealing time increased, the removal of graphene film was 
not uniform and instead occurred in patches (Figure 5.3(b)): while some areas enclosed by the 
PMMA residue lines are completely free of graphene, other areas are fully covered by it.  
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    We attribute the formation of island-like structures on graphene surface shown in Figure 5.3(d) 
to its underlying copper grain boundaries. In our experiments, polycrystalline Cu foil with mixed 
crystalline facets was used for graphene growth. The grain boundaries can act as preferential 
nucleation sites for CuO growth due to much higher interfacial energy,221 resulting in active 
catalytic sites in the initial stage of graphene oxidation. The inhomogeneous oxidative removal of 
graphene is probably due to the different oxidation rate on each copper facet.221-223 It is known that 
oxidation rate on copper surface decreases in the order: (100) > (111) > (110).223 Therefore, the 
area with higher surface density of CuO will result in faster oxidation of graphene.  
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Figure 5-4 (a) – (d) Carbon (KLL), Oxygen (KLL), Copper (LMM) Auger spectra extracted from 
copper/graphene film before (black) and after (red) 2 hours Ar+ ion sputter process.  
 
 
5.4.4   Presence of oxygen underneath graphene after ambient air exposure 
 
It is generally accepted that metal-catalyzed graphite oxidation can be divided two mechanisms, 
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that is, electron-transfer mechanism where  -electrons from graphite transfer to vacant orbitals of 
the metallic catalyst (like iron and cobalt) and oxygen-transfer mechanism where catalyst 
undergoes a red-ox reaction cycle.224-225 Copper catalyzed graphene-oxidation fits the latter 
mechanism,208 which raises an intriguing questions as how can the ambient oxygen directly react 
with copper. Indeed, graphene is considered as an effective physical barrier which prevents the 
further interaction between ambient oxygen and copper.  
          As we noted above, an interesting observation in our experiment is that prior air exposure at 
room temperature has a profound impact on the thermal stability of graphene. The experiment 
shown in Figure 5.1 was conducted on a copper/graphene sample that has been exposed to air at 
room temperature for 5 hours. In contrast, if the graphene sample was annealed in Ar right after 
synthesis and without any air exposure, such oxidative removal of graphene can only be observed 
at 700oC over 4 hours of thermal annealing. To explain these observations, we hypothesized that 
upon the air exposure, oxygen molecules can diffuse into the space between copper and graphene 
and contribute to the oxidation of graphene at high temperature.  
          To confirm this hypothesis, we performed a 2-hour Ar+ ion sputtering on copper/graphene 
surface in UHV and collected the electron excited Auger spectra (AES) during the sputtering 
process. The copper/graphene sample used in this experiment has been exposed in air for 18 hours 
before putting into the UHV chamber. Figure 5.4 showed the Auger spectra taken from 
copper/graphene surface before (black) and after (red) 2-hour Ar+ ion sputtering. Among all four 
spectra, the C (KLL) Auger signal taken after 2-hour Ar+ sputtering showed ~77% decrease of 
peak height. This is expected because AES is surface sensitive and graphene is at the top of the 
surface and will be the first material to be removed by Ar+. Interestingly, only ~50% peak height 
decrease occurred at O (KLL) Auger signal, suggesting that the O species are located below 
115 
 
graphene. Finally, both Cu (LMM) Auger spectra showed sharp increase of peak intensity after 
sputtering. This increase is expected as removing graphene and oxygen should result in a higher 
yield of Auger electrons emitted from copper surface. It is also interesting to note that the kinetic 
energy of the Cu LMM transition shifted from 915.0 eV to 918.0 eV. Such spectroscopic change 
mimics those observed during the reduction of Cu2O surface to Cu surface during H2 thermal 
annealing, suggesting a similar transformation could have occurred on our sample.188 Collectively, 
our AES results suggested that although copper surface is fully covered with monolayer graphene, 
oxygen can still diffuse between copper and graphene. 
          It should be noted that the Auger peak intensity is only intended to give a relative 
measurement of the surface concentration of elements. To quantify the surface coverage of the 
elements, the same copper/graphene sample was also characterized by XPS before and after the 
Ar+ sputtering. As is shown in Figure 5.5(a) and (b), carbon 1s peak showed a drastic intensity 
decrease compared to a slight decrease of oxygen 1s peak during the 2 hours Ar+ sputtering process.  
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Figure 5-5 (a) Carbon 1s and (b) Oxygen 1s XPS peak of the same copper/graphene sample before (black) 
and after (red) 2 hours Ar+ sputtering.  
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Figure 5-6 the schematic of Ar+ sputtering process on copper/graphene surface. Note that the spatial 
distribution of oxygen underneath graphene is for illustration purpose only; the actual spatial distribution 
of oxygen on the surface is unknown.  
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          Quantitative analysis of the XPS data will require modeling because the oxygen species are 
believed to be located below graphene and its XPS signal will be attenuated by graphene. Shown 
in Figure 5.6 is the model of the copper/graphene surface we used. The model assumes that (i) 
oxygen species with certain average surface density existed between copper and graphene; and (ii) 
after 2 hours of Ar+ sputtering, the average surface density of oxygen species remained unchanged 
underneath remaining graphene while decreased to a constant value where the graphene was 
removed. With these assumptions, the unattenuated oxygen 1s peak intensity after escape depth 
correction is given by (5). 
Io = I / exp (-d / λ)      (5) 
Where Io is the peak intensity of oxygen in the absence of graphene layer, I is the intensity of 
oxygen 1s peak collected by XPS, d is the travelling distance in the graphene monolayer film with 
d = dG / cos , where dG = 3.5 Å is the thickness of graphene layer and  is the escape angle (45o), 
λ is the Inelastic Mean Free Path (IMFP) and equals 17.6 Å for photoelectrons emitted from oxygen 
(953.7 eV).173 
          Considering that graphene is the top layer, Io(C) should be equal to I(C). Using the actual 
peak intensity of both carbon 1s peak and oxygen 1s peaks, we calculated the surface coverage of 
oxygen on graphene surface before and after Ar+ ion sputtering by equation (5). 
 
𝑛(𝑜)/𝑛(𝑐) =
𝐼𝑜(𝑂)/𝑅(𝑂)
𝐼𝑜(𝐶)/𝑅(𝐶)
       (6) 
Where (i) n is number of atoms; (ii) Io is the actual peak intensity derived from equation (1); (iii) 
R is the relative sensitivity factor (R.S.F.): R (O) = 0.66 for oxygen 1s peak and R (C) = 0.25 for 
carbon 1s peak.64 
          Our calculation results showed that 58% of the carbon species have been removed during 
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the 2 hours of Ar+ sputtering process while oxygen species showed a moderate decrease of 26%. 
Due to the preferential removal of carbon species, the atom ratio of O : C, as calculated from 
equation (6), increased from 0.42 to 0.74 after sputtering. Both results are in agreement with the 
conclusions we drew from the AES studies. 
On the basis of all the results shown above, we tentatively propose the following three steps in the 
catalytic oxidation process: 
(1) Ambient oxygen diffuses into the interlayer of copper/graphene within hours of air exposure. 
The O : C atom ratio reached 0.42 : 1 after 18 hours of air exposure. Partial oxidation of copper 
surface to Cu2O was indicated by the AES. 
(2) Graphene-oxygen reaction initiates around the grain boundary above 600oC. The reaction is 
likely due to the presence of Cu oxide near grain boundary; the reaction results in fissures 
formed on graphene surface which allow more oxygen diffuse into the interlayer space between 
graphene and copper. 
(3) The intercalated oxygen reacts with graphene, likely through the formation of copper oxide at 
the interface. The kinetics of this process appears to depend on the crystalline facet of copper, 
as suggested by the optical microscopy results. 
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5.5.      CONCLUSION 
In this work, we revealed the catalytic behavior of copper substrate upon graphene-oxygen reaction 
above 600oC. Both AES and XPS results showed that ambient oxygen molecules can diffuse into 
the interlayer space between graphene and copper after several hours air exposure, promoting the 
formation of copper oxide as the preferential catalytic sites during the annealing process. In this 
regards, the copper foil should not be considered as an inert substrate in the post-synthesis 
processing of graphene, especially when high temperature treatment is involved.  
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6.0       SUMMARY 
 
My research aims at revealing the intrinsic surface property of graphene, understanding how such 
properties are affected by the environment (e.g., airborne hydrocarbons, ambient oxygen). In 
addition, my thesis also includes substantial studies on controlling the surface properties of 
graphene, which is critical for many applications since it determines the interaction between 
graphene and its environments, effecting its adhesion, electrical properties, and electrochemical 
activities.  Below I summarized the key observations and main conclusions in this dissertation.  
 
1. Intrinsic wettability of graphene.  
It is generally accepted that graphitic materials are hydrophobic with water contact angle (WCA) 
of ca. 90o; this view has persisted for the past 70 years or so. Surprisingly, in my research, we 
occasionally observed much smaller WCAs on graphene surfaces. I suspected that graphitic 
surfaces could be contaminated by air exposure leading to a change of their wettability. In order to 
test this hypothesis, we conducted extensive wetting and surface characterization of various 
graphitic samples as a function of their air exposure. These results show that a clean graphitic 
surface is much hydrophilic than previously thought. Upon exposure to ambient atmosphere, 
graphitic surface absorbs hydrocarbons in air, resulting in a much more hydrophobic surface and 
a significant increase in its WCA as shown in Figure 6.1(a). Wettability is a fundamental property 
of a surface and is key to understand many other interfacial phenomena, such as adhesion and heat 
transfer. As such, this work could have a profound impact on the research of graphitic materials in 
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general, potentially changing the way people model and manipulate graphitic materials and 
developing new applications.  
          Accordingly, an effective method to minimize the hydrocarbon contamination is urgently 
needed due to the rapid kinetics of hydrocarbon adsorption on graphitic surface and the enormous 
effect on surface wettability. In the follow-up research, I found that by storing a freshly prepared 
graphitic surface at low temperature, the surface hydrocarbon contamination can be greatly 
minimized and thus its intrinsic surface wetting behavior can be well preserved as shown in Figure 
6.1 (b). This new method potentially offers new fabrication approaches that can effectively 
minimize hydrocarbon contaminants, further promoting the device applications for all graphitic 
materials in the future. 
 
2. Effect of ambient oxygen on copper/graphene surface.  
Given that graphene grown on a copper substrate is mostly defect-free, it is generally expected that 
graphene could resist atmospheric oxidation by itself and also serve as an anti-corrosion barrier to 
protect the underlying metals from short-term thermal, wet, electrochemical corrosion. To evaluate 
the effect of ambient exposure on copper/graphene surface, we conducted both long-term corrosion 
at room temperature and thermal annealing in Ar atmosphere (O2 < 3 ppm) at high temperature, 
respectively. Graphene-coated copper foil showed a higher degree of oxidation than uncoated one 
after 6 months of ambient exposure and conversely, copper-supported graphene underwent more 
severe oxidative removal at 600oC than that deposited on other substrate. The corrosion of copper 
enhanced by graphene and breakage of graphene on copper can be clearly observed in Figure 6.1 
(c-d). Our experimental results indicate an underestimated interaction between ambient oxygen 
and copper/graphene surface, which needs to be seriously considered in its practical applications. 
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Figure 6-1 Summary of research. (a) Temporal evolution of the WCA measured on freshly synthesized 
copper/graphene sample. The data shows that a clean graphene is intrinsically hydrophilic. (b) WCA 
evolution of fresh copper/graphene samples stored at r.t. (red) and low temperature (black), respectively. 
This comparison indicates that low temperature storage retards the WCA increase and associated airborne 
hydrocarbon adsorption rate on graphitic surface. (c-d) Optical images of copper/graphene samples after (c) 
exposure in ambient atmosphere for 6 months and (d) thermal annealing in Ar (O2 < 3ppm) for 2h. The data 
shows that graphene (copper) promotes the oxidation of copper (graphene) after ambient air exposure.    
 
 
          In summary, my research provided new insight into the interaction between graphitic surface 
and its environment. These results could have significant implications to the understanding of 
fundamental properties of graphene and to its application as a coating material, field effect 
transistor, gas sensor, etc.  
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LIST OF ABBREVIATIONS 
 
 
 
 
Table 1. List of abbreviations 
 
 
 
Abbreviation  Abbreviation  
Cu/G Copper/graphene AFM Atomic force 
microscopy 
PMMA Poly-methyl methacrylate OM Optical microscopy 
CVD Chemical vapor 
deposition 
WCA Water contact angle 
HOPG Highly ordered pyrolytic 
graphite 
XPS X-ray photoelectron 
spectroscopy 
UHV Ultrahigh vacuum CV Cyclic voltammetry 
AHC Airborne hydrocarbon 
contaminants 
FTIR Fourier-transform 
infrared spectroscopy 
ppt Parts-per-trillion ATR Attenuated total 
reflectance 
ppm Parts-per-million EDX Energy-dispersive X-
ray spectroscopy 
SCCM Standard cubic 
centimeters per minute 
AES Auger electron 
spectroscopy 
BN Boron nitride IMFP Inelastic mean free 
path 
VOC Volatile organic 
compounds 
RH Relative humidity 
FWHM Full width at half 
maximum 
TOC Total organic carbon 
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PET Polyethylene 
terephthalate 
vdW Van der waals 
FET Filed effect transistor iTO  in-plane transverse 
optical 
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